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ABSTRACT 
Titanium (Ti) and its alloys have been widely used in aerospace, biomedical, chemical 
processing, marine facilities, and sports equipment because of their low density, very high tensile 
strength and toughness, and high corrosion resistance. However, the poor tribological properties 
has been a major problem and limited their widespread applications. Deposition of 
wear/corrosion resistant diamond-like carbon (DLC) coatings on Ti alloys is promising to 
significantly enhance the durability and service performances of these materials. However, the 
adhesion between DLC coatings and Ti alloy substrates is too weak to meet the application 
requirements. Up to now, approaches including optimization of deposition conditions, surface 
treatment of the substrate, deposition of an interlayer, and incorporation of metallic or 
nonmetallic elements have been used for adhesion enhancement of DLC on Ti alloys. In this 
research, a new method, nanodiamond particles incorporation, was developed for adhesion 
enhancement of DLC coatings on Ti alloys. In order to achieve high diamond nucleation without 
damaging the Ti alloy, nucleation enhancement of diamond on Ti alloys by nanodiamond 
seeding, tungsten (W) interlayers, and high methane concentration were studied. Diamond, DLC 
and W deposition were carried out by microwave assisted chemical vapor deposition, direct ion 
beam deposition and hot filament assisted chemical vapor deposition, respectively. Scanning 
electron microscopy, Atomic force microscopy, X-ray diffraction, Raman spectroscopy and 
synchrotron-based near edge extended X-ray absorption fine structure spectroscopy were used to 
characterize the microstructure and chemical bonding of the as-deposited particles and films, and 
indentation testing was used to evaluate the adhesion of the as-deposited coatings.  
By nanodiamond seeding or applying a W interlayer, significantly enhanced diamond 
nucleation has been obtained on Ti alloys, and consequently high quality nanocrystalline 
diamond thin films have been obtained on Ti alloys at decreased deposition temperature and 
 iii
reduced deposition time, which mitigates the deterioration of Ti alloy substrates due to hydrogen 
diffusion during diamond deposition and also enhances the adhesion of diamond on Ti alloys. 
Based on these results, nanodiamond particles (NDP) with high nucleation density and high 
adhesion were deposited on Ti alloys initially to enhance the adhesion of DLC films on Ti alloys. 
Results show that the pre-deposited NDP can significantly increase the adhesion of DLC on 
Ti6Al4V, probably due to the increased interfacial bonding, mechanical interlocking, and stress 
relief by the incorporation of NDP into DLC to form NDP/DLC composite films. 
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CHAPTER 1 
INTRODUCTION 
Diamond and diamond-like carbon (DLC) are renowned for their excellent tribological 
properties: low friction coefficient and high wear resistance, and thus are very promising 
to be used as protective coatings for tribological applications. However, the limited 
adhesion between the coating and the metallic substrate restricts their applications. In this 
research, diamond and DLC coatings with enhanced adhesion are synthesized on 
Titanium (Ti) alloy for improving its tribological properties. This chapter focuses first on 
the motivation and objectives of this research and then shows the organization of the 
thesis. 
1.1 Motivation 
Ti and its alloys have been widely used in aerospace, chemical, and power industries, 
biomedical devices, transportation, armament, and sports. Their increasing industrial 
importance is because of their excellent properties such as low density, high strength, 
superior corrosion resistance, and good biocompatibility. However, Ti alloys have 
significant drawbacks of poor abrasive wear resistance and high friction coefficient, 
which limit its tribological applications. Deposition of wear/corrosion resistant DLC 
coatings on Ti alloys is a promising way to address these limitations owning to the 
unique properties of DLC including high hardness, low friction coefficient, chemical 
inertness, high wear resistance, and excellent biocompatibility. However, DLC coatings 
often suffer from poor adhesion on Ti alloy substrate, which shortens the service lifetime 
of DLC coated Ti alloy parts and devices and restricts their applications. This thesis work 
aims to enhance the adhesion between DLC coatings and Ti alloy substrates to improve 
the tribological properties of Ti alloy for their wider applications. 
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1.2 Research objectives 
The overall goal of this research is to enhance the adhesion of DLC coatings on Ti 
alloys. In order to achieve the goal, the research includes following specific research 
themes. 
1.2.1 Adhesion investigation of DLC coatings on Ti alloy sheets for identifying the 
key factors affecting adhesion 
Ion energy is the key factor that controls the quality of DLC coatings. In this work, 
adhesion of DLC coatings grown on Ti alloy substrates will be investigated using direct 
ion beam deposition under different ion energies. Tungsten (W), titanium nitride (TiN), 
and nanodiamond particles (NDP) will be applied as interlayers to explore the mechanism 
of adhesion enhancement of DLC coatings on Ti alloy. The samples prepared will be 
characterized by Raman spectroscopy, scanning electron microscopy (SEM), X-ray 
diffraction (XRD), and nanoindentation testing. Indentation testing by micro-hardness 
tester will be used for adhesion evaluation. 
1.2.2 Diamond nucleation enhancement on Ti alloy for reducing deterioration of Ti 
alloy 
NDP is going to be used as adhesion promoter of DLC coatings grown on Ti alloy. 
However, the diamond deposition by chemical vapor deposition (CVD) techniques is 
usually undertaken at high temperature (700- 850°C) in a hydrogen-rich environment, the 
diffusion of hydrogen can lead to deterioration of the mechanical properties of the Ti 
alloy substrate, in particular, fatigue life and impact strength [1-4]. Normally, this 
diffusion of hydrogen can be reduced by using low deposition temperature and short 
deposition time, which can be achieved by very high nucleation density of diamond. In 
this work, innovative  seeding and deposition processes will be studied  to deposit 
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nanocrystalline diamond (NCD) coatings on Ti alloy in shorter time and thus reduce the 
property deterioration of Ti alloy. SEM and Raman will be used for characterization. 
1.2.3 Interfacial investigation of diamond coatings on Ti alloy for understanding the 
mechanism of adhesion 
Interfacial behaviors are extremely important for revealing the mechanism of adhesion 
between diamond coatings and Ti alloy substrate. In this work, low deposition 
temperature and extremely high methane concentration is going to be used to enhance the 
adhesion strength of diamond coating and reduce substrate damage. In addition, the 
nucleation, growth, adhesion behaviors of the diamond coating and the interfacial 
structures will be investigated using Raman, XRD, SEM, Transmission electron 
microscopy (TEM), synchrotron radiation and indentation testing.  
1.2.4 Adhesion enhancement of DLC coatings on Ti alloy by incorporation of 
nanodiamond particles 
NDP incorporated in DLC may greatly relieve the stress due to the ion bombardment 
in DLC deposition process. In addition, good interfacial adhesion may be achieved 
because of the much higher adhesion of NDP than DLC on Ti alloy by chemical bonding, 
the physical and chemical affinity of NDP and DLC, and the mechanical interlocking 
effect of NDP with DLC. So it is expected to get a highly adherent DLC on Ti alloy by 
NDP incorporation. First, NDP will be deposited on Ti alloy by microwave assisted 
chemical vapor deposition (MPCVD), then, DLC coating will be synthesized by low 
energy ion beam deposition. In addition, the effect of nanodiamond density on adhesion 
of DLC will be studied. SEM, Atomic force microscopy (AFM), XRD and Raman 
spectroscopy will be used to characterize the microstructure and chemical bonding of the 
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deposited particles and films, and Rockwell indentation testing will be used to evaluate 
the adhesion of the deposited coatings. 
1.2.5 Evaluation of nucleation and adhesion of diamond coatings on Ti alloy with 
tungsten interlayer 
In this work, diamond nucleation and growth on Ti alloy substrates with W interlayers 
will be investigated using hot filament chemical vapor deposition (HFCVD). W 
interlayers will be firstly deposited on Ti alloy substrates under different conditions by 
sputtering and diamond will be then deposited on W coated Ti alloy using the same 
HFCVD reactor. The effect of thickness and surface morphology of W interlayer on the 
nucleation, growth, and adhesion of diamond on the Ti alloy will be studied using XRD, 
SEM, Energy disperse spectroscopy (EDS), AFM, Raman spectroscopy, synchrotron 
near-edge X-ray absorption fine structure spectroscopy (NEXAFS)  and Rockwell C 
indentation testing.  
1.3 Organization of the Thesis 
This thesis consists of 9 chapters. The organization of this thesis is listed as follows:  
Chapter 1 gives a brief introduction of the research project including motivation, 
objectives, and thesis organization.  
A comprehensive literature review is shown in Chapter 2. It firstly gives an overview 
of carbon materials. Then introductions of diamond and DLC including structure, 
properties, synthesis methods, diamond nucleation, and diamond and DLC adhesion 
enhancement on Ti alloy are presented. In the end, the microstructure and properties of 
Ti6Al4V alloy is introduced.  
Chapter 3 introduces experimental methodologies adopted in this research. The ion 
beam system for DLC deposition, MPCVD and HFCVD reactors for diamond and W 
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deposition will be described in details. In addition, techniques used for microstructure, 
chemical bonding, and mechanical properties characterization will be explained.  
Chapter 4 presents an adhesion investigation of DLC coatings grown on Ti6Al4V 
using direct ion beam deposition under different ion energies. Results show that the sp3 
concentration in the films increases with the increase of ion energy used for DLC 
deposition while adhesion decreases when ion energy is higher than 70 eV. In order to 
achieve both high sp3 concentration and high adhesion on Ti6Al4V, interlayers of W, 
TiN, and NDP are applied for adhesion enhancement. Results show that the adhesion of 
DLC coatings on Ti6Al4V can be greatly enhanced by pre-deposited W, TiN, and NDP 
interlayers, in which, NDP works best. This is possibly because of the enhanced 
interfacial bonding and reduced stress by chemical and mechanical affinity of diamond 
and DLC.  
NDP is proved to be great adhesion promoter of DLC on Ti6Al4V. However, the 
deterioration of the mechanical properties of Ti6Al4V caused by diamond deposition is 
significant. In Chapter 5, diamond nucleation and growth on Ti6Al4V using MPCVD 
under different seeding and deposition conditions are investigated. Results show that the 
nucleation density of diamond can be enhanced up to 1011/cm2 by nanodiamond seeding 
and two-step deposition. By optimizing the seeding and deposition parameters, 
nanocrystalline diamond thin films were synthesized at relatively low microwave power 
(600 W) within a short time deposition; consequently, the microstructure change of 
Ti6Al4V as a result of hydrogen diffusion was significantly reduced due to the low 
deposition temperature and short deposition time.  
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Chapter 6 presents the effect of NDP density on adhesion of NDP/DLC composite 
coatings grown on Ti6Al4V. The results show that the adhesion of DLC composite 
coatings on Ti6Al4V increases with the increase of NDP density. The enhanced adhesion 
between DLC coating and the Ti6Al4V substrate by incorporation of NDP is probably 
caused by enhanced interfacial bonding, mechanical interlocking, and stress relief.  
As more NDP incorporation results in higher adhesion of DLC on Ti6Al4V, a NCD 
interlayer with high adhesion is promising for DLC adhesion enhancement. In Chapter 7, 
interfacial investigation of NCD diamond thin films on Ti6Al4V grown by MPCVD 
under a high CH4 concentration and  moderate deposition temperature is presented. This 
work is cooperated with Dr. Yuanshi Li. Results show that the low deposition 
temperature and extremely high methane concentration demonstrate beneficial to enhance 
coating adhesion strength and reduce substrate damage.  
In Chapter 8, W interlayers with different thickness and surface morphology are 
applied for diamond deposition by HFCVD in order to further enhance the nucleation and 
adhesion of diamond on Ti6Al4V. The results show that the pre-deposited W interlayers 
act as a diffusion barrier for carbon, and thus significantly enhance the nucleation of 
diamond. In addition, the W interlayer reacts with carbon to form WC and W2C during 
the diamond deposition, and thus enhances the adhesion of diamond on Ti6Al4V, which 
would be beneficial for later DLC deposition.  
Finally, the main results, conclusions, and suggestions for future work are summarized 
in Chapter 9. 
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CHAPTER 2 
LITERATURE REVIEW 
Due to the high hardness of diamond, diamond-related coatings and thin films have 
attracted increasing research attention in the past decades. One of the focuses is to deposit 
adherent diamond or DLC coatings on Ti alloys for improving their wear/corrosion 
resistance [1-8]. However, deposition of wear/corrosion resistant diamond-related 
coatings onto Ti alloys is not easy and the coatings usually suffer from poor adhesion [9, 
10]. This chapter will give a comprehensive review on Ti6Al4V, diamond-related carbon 
materials, and diamond based coatings on Ti6Al4V. 
2.1 Overview of Ti6Al4V alloy 
Ti and its alloys find applications in aerospace, chemical engineering, biomedical 
engineering, power, transportation, armament, and sports due to its excellent combination 
of low density, high strength, high corrosion resistance, and relatively high strength at 
moderately high temperatures [11]. 
In most applications, a kind of Ti alloy referred to as Ti6Al4V, which contains 6% of 
aluminum and 4% of vanadium by weight, is used. This alloy is generally employed in 
annealed or solution treated and aged metallurgical conditions. Table 2-1 shows the 
magnitudes of selected properties of this alloy [12]. 
 
Table 2-1. Properties of Ti6Al4V alloy in its two main metallurgical conditions [12]. 
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Hydrogen embrittlement of Ti6Al4V alloy becomes an important issue limiting the 
engineering applications of this alloy. This is because hydrogen diffuses easily in 
Ti6Al4V and reacts with Ti to form hydride [12, 13]. In applications of Ti6Al4V alloy 
involving hydrogen-rich environments, hydrogen diffusion results in high amounts of 
hydrides and solid solution at the grain or phase boundaries, which decrease the 
interfacial bonding at the grain and phase boundaries and lead to the decrease of tensile 
strength of Ti6Al4V [14]. In addition, the alloy is susceptible to wear, fretting fatigue, 
and erosion. All these issues limit the applications of Ti6Al4V. 
2.2 Carbon materials 
Carbon is one of the most abundant elements on the earth. Almost all the organisms 
are carbon based, and different carbon materials play an increasingly significant role in 
many technical areas and in our daily life.  
 
 
Figure 2-1. (a) Diagram of atomic orbitals and sp3 hybridization, (b) hybrid orbitals of 
carbon [15]. 
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One carbon atom has six electrons in which two are inner and four are valence 
electrons. The four valance electrons, 2s2 and 2p2, can form three different hybridizations, 
sp3, sp2, and sp1, as shown in Figure 2-1, and several different chemical bonds [15, 16]. 
This variety in chemical bonds gives carbon material many crystalline and disordered 
structures, including diamond, graphite, fullerenes, carbynes, amorphous carbon (a-C), 
C60, and newly discovered carbon nanotubes, and graphene [17-19]. In this thesis work, 
diamond and diamond-like amorphous carbon materials are investigated. 
 
 
Figure 2-2. Structures of some carbon allotropes: (a) graphite, (b) diamond, (c) C60, (d) 
carbon nanotube, (e) graphene [19]. 
 
2.3 Diamond 
Diamond, the hardest natural material, is considered an ideal material for many 
applications due to its unique and extreme properties [20].  
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2.3.1 Structure and properties of diamond 
The crystalline structure of diamond is shown in Figure 2-3. In which, each carbon 
atom is connected tetrahedrally by strong σ bonds with a short bond length of 1.54 Å. 
This crystalline structure is categorized as face-centered cubic (FCC) lattice, and the 
lattice constant a=3.567 Å (1 Å=0.1 nm). There are 8 atoms in each crystallographic unit 
cell, and the atomic density is 1.77×1023/cm3 [21]. 
Due to the strong symmetric σ bonds, diamond has many unique and extreme physical 
properties, including the highest hardness, bulk modulus, atom density, thermal 
conductivity, and the lowest coefficient of thermal expansion [22]. It is also chemically 
inert with very low friction coefficient, excellent wear resistance and biocompatibility [23, 
24].  
 
 
Figure 2-3. Diamond structure. The lattice constant of diamond is a=3.567 Å [21]. 
 
2.3.2 CVD growth of diamond 
Diamond was firstly synthesized by using high pressure and high temperature (HPHT) 
techniques on a commercial scale in the mid-1950s [25]. However, it is difficult and 
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expensive to synthesis large diamond crystals by HPHT. In the 1980’s, a CVD method 
was developed for diamond thin film deposition using hydrogen (H2) and methane (CH4) 
gas mixture [26, 27]. The required conditions for diamond CVD include: (i) high 
substrate temperature Ts, typically in the range of 700 to 1200 °C, (ii) low gas pressure P, 
typically in the range of 20 to 150 Torr, and (iii) the concentration ratio of CH4 to H2 
usually being 1 % to 5 %. In the diamond CVD process, CH4 and H2 molecules are firstly 
decomposed into various hydrocarbon ions and radicals, molecular and atomic hydrogen, 
and hydrogen ions. The hydrocarbon ions and radicals then diffuse onto the substrate 
surface, forming sp2 and sp3 carbon clusters. Comparing to sp2 carbon clusters, it is more 
difficult for sp3 carbon clusters to be etched by atomic hydrogen. Consequently, only sp3 
carbon clusters are left on the substrate to grow, forming diamond film. The diamond 
CVD techniques developed quickly. Such techniques can be categorized according to the 
methods employed for plasma generation, including microwave plasma CVD, hot 
filament CVD, DC plasma CVD, radio-frequency (RF) plasma CVD, plasma jet CVD, 
and combustion CVD [21]. The MPCVD and HFCVD are adopted in this thesis work, 
and they will be described in Chapter 3. 
2.3.3 Diamond nucleation 
The main problem of diamond growth by CVD is that the nucleation density is low 
when the deposition is on materials other than diamond. For instance, the nucleation 
density of diamond on polished single crystal silicon wafer is in the order of 104/cm2 [28]. 
In order to enhance the diamond nucleation on non-diamond substrates, polishing the 
substrate surface with diamond powders, ultrasonically treating the substrate with 
 12  
diamond powders and alcohol suspension, and applying negative bias voltage on the 
substrate are usually used [21]. 
During the development of CVD diamond deposition, diamond single crystals were 
firstly used as substrates [29], and then diamond seeds were used [30, 31]. Diamond 
growth on non-diamond substrates without using diamond seeds succeeded in 1982. In 
1987, scratching of the substrate surface with diamond powders was developed for 
diamond nucleation enhancement [32]. Besides diamond, SiC [33], c-BN [34], Cu or 
stainless steel [35], ZrB2 [36], and Al2O3 [37] powders were also used. Among all the 
abrasive powders used, diamond was found to be the most effective one. The mechanism 
can be attributed to diamond seeding and creation of defects during diamond powder 
scratching [38, 39]. Later, coating the substrate surface with carbon materials, for 
instance, graphite, amorphous carbon, and DLC was found to be beneficial for diamond 
nucleation enhancement [40]. 
In 1991, a breakthrough was made by Yugo et al., that a high nucleation density of 
diamond on mirror-polished substrate without scratching was achieved by using bias-
enhanced nucleation (BEN) method [41]. The BEN method involves applying a negative 
voltage bias to the substrate during diamond nucleation, by which the nucleation density 
could be enhanced to as high as 109-1010/cm2 on Si. Subsequent developments of BEN by 
Jiang et al. [42, 43] and Stoner et al. [44] led to the heteroepitaxial growth of diamond on 
silicon and silicon carbide substrates, respectively.  
To explain the mechanism of diamond nucleation, Yugo et al. suggested a shallow ion 
implantation model. This model proposed that low energy ion implantation formed sp3 
bonded carbon clusters, which function as nucleation precursors [45]. Stoner et al., 
 13  
though, suggested that the change in plasma chemistry was the main factor affecting 
critical processes, with substrate biasing increasing the concentration of atomic hydrogen 
resulting in formation of a carbide surface layer [46]. Jiang found that a surface kinetic 
model could effectively represent the relationship between the evolution of the nucleation 
density and the immobile active nucleation sites, germs, and nuclei [47]. Based on these 
proposals, the diamond nucleation sequence can be summarized as follows: first, 
nucleation sites with high local surface energy are generated; second, carbon clusters are 
formed because of the enhanced surface diffusion; and finally, diamond nuclei grow. 
2.3.4 Growth of NCD thin film on Ti6Al4V 
Ti6Al4V is a widely used engineering material owning to its superb physical and 
mechanical properties like high strength, good corrosion resistance, low density, and 
good biocompatibility. Occasionally, surface modification is needed for long-term use 
due to its low resistance against wear, fretting fatigue, and erosion. Deposition of 
wear/corrosion resistant DLC and NCD thin films could be useful to prevent these 
damages owning to their high hardness and low friction coefficient. In this part, the 
emphasis will be on the growth of NCD thin films on Ti6Al4V (DLC growth on Ti6Al4V 
will be discussed in Section 2.4.4). 
The earlier attempts to deposit diamond films onto Ti base substrates resulted in weak 
adhesion due to the high stress caused by the high mismatch of thermal expansion of 
substrate and diamond coating [48]. In addition, it is hard to deposit diamond on Ti alloys 
because of the rapid carbon diffusion in Ti. The rapid carbon diffusion in Ti reduces the 
surface carbon concentration and consequently decreases the diamond nucleation and 
growth rates [49]. Furthermore, the aggressive conditions during deposition (hydrogen 
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atmosphere and substrate temperatures of 800 ˚C or above) can lead to a deterioration of 
the mechanical properties of the base material, in particular, fatigue life and impact 
strength [50]. 
After more than a decade of efforts by researchers, deposition conditions in terms of 
substrate pretreatments, diamond growth, and post treatments have been studied to solve 
the problems. Deposition at moderate temperature, i.e. equal or less than 600 ˚C, and with 
the temperature slowly dropping has been investigated to decrease the deterioration of 
mechanical properties of Ti alloys substrates [23, 50-51]. Vandenbulcke et al. used a 
lower deposition temperature to decrease the thermal stresses and obtained high film 
nucleation density [52]. Substrate pretreatments including polishing, seeding, ion 
implantation, and BEN were used to enhance nucleation [53]. NCD was successfully 
deposited on curved Ti6Al4V surface by MPCVD [3, 54]. Many researchers have 
reported improvements in adhesion using various methods ranging from Ar, N2, O2, or 
CO incorporation in CH4/H2 plasma [55, 56], increasing CH4 concentration during the 
film growth process [1], application of TiN and DLC interlayers [57-58], to post 
treatment like annealing [50]. 
2.4 Diamond-like carbon 
DLC films with properties falling between those of diamond (sp3 local bonding) and 
graphite (sp2 local boding) have been investigated in the past 40 years.  
2.4.1 Structure and properties of Diamond-like carbon 
DLC is described as an amorphous carbon material with a significant fraction of sp3 
bonded carbon atoms [18]. The significant fraction of sp3 bonds makes it have some 
extreme properties similar to diamond including high hardness, high Young’s modulus, 
and good chemical inertness. Besides that, DLC has some more advantages: relatively 
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smooth due to its disordered structure without grain boundaries and lower production cost 
than diamond. 
 
 
Figure 2-4. Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys [18]. 
 
There are two types of DLC: amorphous carbon (a-C) and hydrogenated amorphous 
carbon (a-C: H). Jacob and Moller used a ternary phase diagram to display the 
compositions of various forms of amorphous C-H alloys, as shown in Figure 2-4 [59]. 
The graphitic carbon and glassy carbon with a significant amount of sp2 bonds lie in the 
lower left corner. The central area is occupied by the a-C: H with both sp2 and sp3 bonded 
carbon. The hydrocarbon polymers remain at the limits of the triangle in the right corner, 
beyond which no films can form, and only molecules form [18]. The major properties of 
DLC are listed in Table 2-2. 
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Table 2-2. Comparison of major properties of amorphous carbons with those of reference 
materials: diamond, graphite, C60 and polyethylene [18]. 
 
 
2.4.2 Synthesis methods of Diamond-like carbon 
The first synthesis of DLC thin films was reported by Aisenberg and Chabot in 1971 
[60]. The method employed was ion beam deposition. After that, various CVD and 
physical vapor deposition (PVD) methods have been developed for DLC deposition. Now 
DLC thin films can be synthesized by a wide range of techniques, such as plasma 
enhanced chemical vapor deposition (PECVD), ion beam deposition, sputtering, cathodic 
arc, pulsed laser deposition, and arc discharge [61-63]. The schematics of different 
deposition systems are given in Figure 2-5.  
Among all the DLC synthesis methods, PECVD is the most common used laboratory 
deposition method [64]. Sputtering is preferred for industrial processes due to its 
versatility and ease of scaling up. But the films deposited by this technique usually have 
low sp3 content due to the low ratio of energetic ions to neutral species [18, 65]. The 
cathodic arc method can generate plasma with ion density as high as 1013 cm3. But the 
unstable cathode spot and insufficient filtering limit its applications [66]. The pulse laser 
deposition is a laboratory scale method with limited industrial applications [67]. Because 
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of the ability to independently control the ion energy and the ion current density, the ion 
beam deposition method has been widely used and adopted to produce DLC thin films in 
this work, the description of ion beam deposition method will be given in Chapter 3.  
 
 
Figure 2-5. Schematics of various deposition systems for DLC [18]. 
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2.4.3 Characterization of Diamond-like carbon 
A host of analysis methods are applied for the study of DLC films. Most of them start 
with a precise determination of the structure of DLC films (sp3 fraction, uniformity, 
purity). The most frequently used techniques include Auger electron spectroscopy (AES), 
X-ray photoelectron spectroscopy (XPS), low/high electron energy loss spectroscopy 
(EELS), and Raman spectroscopy [68, 69]. Among them, AES measurements can probe 
the carbon chemical states of DLC for investigation of the deposition mechanism [70]. 
High energy (~100keV) EELS is the most reliable technique currently available for 
evaluation of the sp3 fraction of DLC films [71]. Raman is probably the most common 
technique for distinguishing different C-C bonds in DLC films [59]. 
Surface morphology is usually investigated by the use of AFM and SEM. AFM was a 
powerful technique to accurately measure the surface morphology of DLC films from 
which the film growth processes can be elucidated [72]. 
As a protective or tribological coating, DLC is always characterized by a variety of 
mechanical and tribological tests [59]. The Young’s modulus can be determined using an 
ultrasonic surface wave technique [73]. Hardness is usually measured through indentation 
techniques and it could also be estimated from the Young’s modulus (H=0.1E). Different 
abrasive tests are performed to evaluate the wear resistance of the films. Pin/ball on disc 
tests are usually performed for friction coefficient determination and ambient conditions 
should be taken into account in analysis of the results. Stress measurements are also very 
often conducted using the beam bending technique. Attention has been paid to the 
compressive stress build up in DLC films since it limits the maximal thickness of the 
films [63]. 
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2.4.4 Growth of Diamond-like carbon thin film on Ti6Al4V  
DLC film has emerged as a promising surface protective technique for Ti6Al4V. 
However, one of the greatest challenges of coating Ti6Al4V with DLC is the poor 
adhesion between DLC thin film and the Ti6Al4V substrate because of the high internal 
stress in DLC [74]. 
Various approaches have been used to relieve the internal stress of DLC films in order 
to enhance adhesion on Ti6Al4V. The adhesion has been enhanced by optimized 
deposition conditions [75]. Surface hardening treatments, including ion implantation [76], 
plasma immersion ion implantation [77], nitriding [78] and oxidising [76, 79], and high 
ion energy induced ion beam mixing [18, 80] were also successful in enhancing adhesion. 
A carbide-forming adhesion layer such as Si, Cr or W can absorb the effect of 
compressive stress and improve adhesion [81]. The deposition of hard films including 
TiN, TiC, TiCN and CrN by physical vapor deposition prior to DLC coating has been 
attempted [82, 83].  Enhanced adhesion and higher wear resistance were achieved by this 
kind of ‘bilayered’ DLC films compared to ‘single-layered’ DLC films. Similarly, 
formation of an adhesion layer with gradually varied mechanical characteristics from the 
substrate to DLC coating has also been investigated introduced, such as, Ti/CN, Ti/TiC, 
Ti/TiN/TiC, and Ti/TiN/TiCN/TiC [84]. The soft-hard multilayer system has been also 
employed to enhance adhesion due to stress relaxation and deflection of cross-sectional 
cracks, such as Ti-DLC and TiC-DLC multilayer [85]. In addition, metal incorporated 
diamond like carbon (M-DLC) has been developed to enhance the adhesion, in which the 
homogeneously dispersed metal clusters (Al, Cu, Ti, W, etc.) can significantly reduce the 
stress in DLC thin films [86]. Using those approaches, enhanced adhesion of DLC on 
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Ti6Al4V has been achieved. However, the enhancement is not so significant and 
sometimes at the expense of hardness [18].
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CHAPTER 3 
EXPERIMENTAL EQUIPMENTS AND CHARACTERIZATION TECHNIQUES 
In this thesis work, a HFCVD and a MPCVD reactor in the Plasma Physics Laboratory of 
University of Saskatchewan were used for deposition of diamond, TiN, and W interlayer and an 
ion beam system was employed for DLC deposition. This chapter will provide detailed 
description of these three systems. SEM, AFM, Raman spectroscopy, XRD, synchrotron based 
NEXAFS, and nanoindentation testing were used to characterize the microstructure, chemical 
bonding, and mechanical properties of the as-deposited materials and indentation testing using 
Rockwell indentation tester and Vickers hardness tester were used to evaluate the adhesion of 
deposited films. Principles and descriptions of these analyzing techniques will also be given in 
this chapter.  
3.1 Experimental equipment 
3.1.1 CVD reactors 
CVD is the deposition of solid materials onto a heated surface from a chemical reaction in the 
vapor phase. A schematic illustration of CVD is shown in Figure 3-1, in which, a reducing agent 
(usually H2) is used for reducing a gaseous compound. 
 
 
2AX(g)+H2(g) ---2A(s)+2HX(g) 
Figure 3-1. Schematic of the CVD process [87]. 
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MPCVD. MPCVD is one of the plasma enhanced CVD methods. The first MPCVD reactor 
designed at NIRIM consists of a waveguide, which is perpendicularly penetrated by a quartz tube 
of 40-55 mm in diameter [88]. A schematic of MPCVD reactor is presented in Figure 3-2, where 
microwave (usually 2.45 GHz, a typical industrial frequency) is directed along a waveguide and 
is coupled into the chamber via an antenna. The microwave passes through a quartz window and 
into the reactor. The substrate holder is usually made of Mo or stainless steel, and placed at the 
location where the quartz tube and the waveguide meet. 
 
 
Figure 3-2. Schematic of the NIRIM-type MPCVD reactor [21]. 
 
There are some advantages of MPCVD over other CVD methods. First, it is clean since it is 
electrode-free, without high potentials to cause sputtering. Second, the plasma density can be 
very high. Third, the reproducibility of diamond film deposition is the best among all the CVD 
methods. A MPCVD manufactured by Plasmionique Inc. (model number: MWPECVD 
1250UOS) (as shown in Figure 3-3) was used to synthesize NCD thin films and particles on 
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Ti6Al4V in this thesis work. CH4 and H2 mixture was used as precursor. For diamond deposition, 
typical conditions were as follows: gas pressure P=30 Torr, microwave power Pm=500~1200 W, 
gas mixture: 0.5 vol.% CH4 +H2, and gas flow rate: 100 sccm in total. 
 
 
Figure 3-3. MPCVD reactor (MWPECVD 1250UOS, 2.45 GHz). 
 
HFCVD. In the HFCVD technique, the required atomic hydrogen is produced with 
electrically heated glowing filaments made from refractory metals (W, Ta, or Re) [89]. The 
filaments are held above the substrate and the distance between them ranges from  5 to 10 mm. A 
schematic structure of the reactor is shown in Figure 3-4. The pressure of the gas is usually kept 
at 20~30 Torr. A bias voltage could be applied either to the filaments or the substrate for bias 
enhanced deposition. During diamond deposition by HFCVD, C-H radicals and atomic hydrogen 
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are produced by thermally decomposing CH4 and H2 molecules and these C-H radicals and 
atomic hydrogen diffuse onto the substrate, forming diamonds [21].  
 
 
Figure 3-4. Schematic diagram of a HFCVD reactor [21]. 
 
The main advantage of HFCVD reactor is the simplicity of the system. However, the 
reproducibility of diamond film deposition by HFCVD is inferior compared to that of MPCVD. 
The custom-made HFCVD reactor used in this thesis work is shown in Figure 3-5. There are 
four major components in this HFCVD reactor: a gas flow system, a pumping system, a vacuum 
chamber, and an electric power supply. The vacuum chamber is made from a cross-shaped glass 
vessel with four round openings of 150 mm in diameter. The pumping system includes a 
mechanical pump and a diffusion pump. The flow rate of the precursor gas is measured by a two-
channel gas flow meter and adjusted manually. Electric current is applied to the W filament and 
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the heat thus generated activates the precursor gas mixture into fragmented hydrocarbons and 
atomic hydrogen to form diamonds. A thermocouple is installed beneath the substrate holder for 
substrate temperature measurement. 
 
 
Figure 3-5. HFCVD reactor used in this work. 
 
3.1.2 Ion beam deposition system 
The End hall ion beam system manufactured by 4Wave is used in this thesis work for DLC 
films deposition. Its schematic structure is shown in Figure 3-6. The main components include a 
high vacuum chamber, a high vacuum pumping system, two ion sources (one for direct ion beam 
deposition and the other for sputtering), a substrate holder that can be rotated from 0 to 90 degree, 
and a target assembly with 4 targets. 
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(a) 
 
(b) 
Figure 3-6. (a) End hall ion beam deposition system and (b) its schematic structure. 
 
The deposition system can be used for the deposition of DLC thin films either by direct ion 
beam deposition or by ion beam assisted sputtering deposition. Direct ion beam deposition was 
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adopted in this work. In DLC deposition process, hydrocarbon and Ar radicals and ions are 
produced by decomposing and ionizing CH4 and Ar precursor gases in the ion source. Such 
radicals are then directed to bombard the surface of the substrate, thus forming DLC thin films.  
3.2 Main characterization techniques 
Characterization of structure and property is very important in materials research and 
development. In this work, a very wide variety of techniques were used for characterize surface 
morphology, microstructure, composition, mechanical properties and adhesion of the deposited 
materials. 
3.2.1 Morphological characterization 
The characterization of surface morphology of coating materials is of  significant importance 
as it is related to some surface related properties including tribological properties and wettability. 
Widely used morphological characterization techniques include SEM and AFM. 
SEM. SEM is one of the most versatile techniques to characterize the surface morphology and 
chemical composition of materials. The first SEM used for surface characterization was 
developed at the RCA laboratory in the United States [90]. The principal structure of SEM is 
shown schematically in Figure 3-7 [91]. In the electron source, the electrons are emitted 
thermionically from a tungsten filament cathode or produced by field emission, and then 
accelerated and focused to form a beam by electrical and magnetic field optics. The focused 
beam of high-energy electrons (typically 30 keV) is then hit the specimen, causing three kinds of 
effects in the backward direction, which include high energy electrons being scattered backward, 
secondary electrons (typical energy lower than 50 eV) being knocked out from the specimen 
surface and escaping backward, and X-rays emitting from the specimen in all directions. Those 
signals are amplified by various electronic amplifiers and then displayed and recorded in a 
computer terminal. The resulting SEM images are actually distribution maps of the signal 
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intensities, providing details of the scanned area of the specimen. In order to prevent electrostatic 
charge accumulation on the surface, the specimen is required to be electrically conductive or 
with electrically conductive coating and to be grounded. 
SEM can generate images with resolution down to a few nanometers, compared to several 
hundred nanometers for optical microscopes. In addition, the large depth of view in SEM allows 
it to image rough surfaces.  
In this research, a JSM-6010LA SEM manufactured by JEOL with a maximum resolution of 
5 nm (located in the Department of Mechanical Engineering, University of Saskatchewan) was 
used to characterize the surface morphology of the deposited materials, as shown in Figure 3-8. 
The operating voltage used was 15 kV. 
 
 
Figure 3-7. Schematic diagram of a SEM [91]. 
 
 29  
 
Figure 3-8. JSM-6010LA SEM manufactured by JEOL. 
 
AFM. Compared to SEM, AFM is usually used for generating three-dimensional images of 
surface with higher resolution. It can be used to study conductors, semiconductors and insulator 
materials. The AFM technique was developed by Binning, et al. in 1986 to measure ultra small 
forces on the order of 1 nN or less presented between the AFM tip surface and a sample surface 
[92]. The tip is fixed at the end of a flexible cantilever, which is usually made of silicon. During 
operation, the tip scans across the sample surface. The schematic of a typical AFM is shown in 
Figure 3-9. 
 
 30  
 
Figure 3-9. Schematic diagram of AFM [93]. 
 
The most commonly used operation modes of AFM are contact and tapping modes. In contact 
mode, as its name suggests, the tip is always kept close physical contact with the sample surface 
during scanning. The interaction force between the tip and sample surface is repulsive, and it is 
kept constant during scanning, causing the cantilever to bend with the changes in topography. 
Simultaneously, the cantilever deflection is monitored and compared with a desired value. The 
feed back circuit applies a voltage to the piezoelectric scanner to raise or lower the sample 
surface for maintaining a constant cantilever deflection. The image is generated from the lateral 
positioning of the scanner. In contact mode, sample surface damage may occur if high contact 
force is used. In tapping mode, the cantilever is driven to oscillate up and down making the tip to 
tap the sample surface, which can avoid damage caused by dragging the tip across the surface . 
The interaction force between tip and sample surface in tapping mode is the Van der Waals force. 
Tapping mode is suitable for the imaging of soft materials and surfaces that are easily damaged.  
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The main advantages of the AFM methods include: its flexibility by using different types of 
cantilevers and its operation in ambient air or liquid environment. The disadvantages are: the 
influence of surface topography on the torsion signal; the accuracy of the spring stiffness of the 
cantilever being used; and the adhesion effects between the cantilever and the sample surface. 
The maximum height of features can be imaged by AFM is on the order of micrometers. And an 
image captured by AFM can only cover an area up to around 150 by 150 micrometers.  
In this thesis work, a PicoSPM instrument (Molecular Imaging, Tempe, AZ) was used for 
contact mode AFM measurements. It is located at the Saskatchewan Structural Science Center 
(SSSC), University of Saskatchewan. 
3.2.2 Chemical and structural characterization 
Raman spectroscopy. Raman spectroscopy, which is based on Raman effect (inelastic 
scattering of monochromatic light from a laser source), has been widely used to analyze the 
bonding structure of different carbon materials. Raman spectroscopy mainly consists of three 
components: a light source, an optical system (for collecting the scattered light from the sample), 
and a detection system, as shown in Figure 3-10. In Raman operation, the monochromatic light 
emitted from the laser source interacts with molecular vibrations on the sample surface, resulting 
in a shift of energy of the laser photons. The scattered light is then collected and detected with 
shifted wavelength, which gives information about the vibrational modes of the molecular 
system of the material under testing.  
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Figure 3-10. Schematic of Raman spectroscopy [94]. 
 
The interpretation of Raman spectra involves comparing the measured spectra with reference 
spectra. The typical Raman spectra of diamond, graphite and some disordered carbons are 
presented in Figure 3-11. Diamond has a single sharp peak at 1332 cm-1. Single crystal graphite 
peaks at 1580 cm-1, labeled ‘G’ for ‘graphite’. Besides the ‘G’ band at 1580 cm-1, DLC shows a 
disordered ‘D’ band at around 1350 cm-1, corresponding to breathing vibrations of rings at the K 
zone boundary [95]. 
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Figure 3-11. Comparison of typical Raman spectra of carbons [18]. 
 
In this research, the Raman spectra of diamond and DLC were obtained using a Renishaw 
micro-Raman system 2000 spectrometers located at the Saskatchewan Structural Science Center 
(SSSC), University of Saskatchewan. The operating laser wavelength was 514.5 nm.  
XRD. Since each material has its own specific X-ray diffraction pattern, the x-ray diffraction 
is used for investigating the crystal structure of materials. One can take crystalline materials as 
multilayered structures. When X-rays strike the sample surface, those incident X-rays with 
wavelength satisfying Bragg's Law (nλ=2d sin θ) can be diffracted, as shown in Figure 3-12, 
where d is the distance between two crystal planes, θ is the X-ray incident angle, λ is the X-ray 
wavelength, and n is an integer multiplier. As such, the lattice spacing can be calculated based on 
the wavelength of the incident X-ray and the diffraction angle. Typically, the interpretation of the 
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XRD results involves comparing the measured lattice spacings (d) with standard reference 
patterns [96]. 
 
 
Figure 3-12. A schematic diagram of Bragg’s Law [97]. 
 
A typical X-ray diffractometer consists of four basic components: an X-ray source, a sample 
stage, an X-ray detector, and a rotary stage for changing the angle θ, as shown in Figure 3-13. 
Among them, the X-ray source and the X-ray detector lie on the circumference of a “focusing 
circle” [98]. In XRD operation, X-ray is generated in a cathode ray tube by bombarding the 
target (Cu, Co) with accelerated electrons, which are in turn produced by heating a filament. 
After that, the X-ray is focused and strikes the sample surface at an angle θ (θ is increased over 
time). Meanwhile, the diffracted X-ray is received by the detector at 2θ with respect to the source 
path. The intensities of the diffracted X-rays and the angles 2θ are recorded to create a XRD 
pattern. 
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Figure 3-13. Schematic of a powder X-ray diffractometer [97]. 
 
XRD patterns in this thesis work were measured by a Rigaku diffractometer in Plasma 
Physics Laboratory, University of Saskatchewan, which uses X-rays of the Co Kα line (λ=0.178 
nm), produced by impinging an electron beam on a Co target. 
Synchrotron based NEXAFS. NEXAFS is suitable for characterizing the chemistry and 
structure of surface layers. Furthermore, investigation of the molecular structure of ultra-thin 
surface films can be achieved by NEXAFS using highly polarized synchrotron light sources [99, 
100]. The working principle of NEXAFS involves the excitation of electrons from a core level to 
unoccupied electronic states when the incident X-rays has sufficient energy. This decay of core 
electrons occurs via the emission of Auger electrons, which are detected by a detector, resulting 
in a NEXAFS electron yield spectrum (Figure 3-14). In the excitation process, the emission of 
fluorescent photons may also occur, which originate from a deeper surface level (around 200 nm, 
while Auger electrons are emitted from surface within 10 nm), as shown in Figure 3-14. Thus, 
this technique is both surface and bulk sensitive and it is capable to probe the molecular 
orientation and bonding structure from bulk to the specimen surface [101]. 
 
 36  
 
Figure 3-14. Schematic representation of the basic theory of NEXAFS [101]. 
 
Figure 3-15 shows the C K-edge NEXAFS spectra of three typical carbon materials recorded 
in total electron yield (TEY). For CVD diamond film, a sharp spike at 289 eV as well as a large 
dip at 302 eV can be found. While for graphite, the characteristic peak is at 285 eV, attributed to 
the sp2 bonded carbon of π* states. DLC shows both π bonding and σ bonding features. In this 
thesis work, The NEXAFS experiments were performed using the high-resolution spherical 
grating monochromator (SGM) beamline at the Canadian Light Source Inc. (CLS), University of 
Saskatchewan. NEXAFS was recorded in TEY mode by monitoring the sample current. 
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Figure 3-15. C K-edge photoabsorption spectra of diamond, diamond-like carbon and graphite 
[102]. 
 
3.2.3 Mechanical characterization 
Nanoindentation testing. Nanoindentation is recently widely adopted for the investigation of 
mechanical properties of materials at the nanoscale [103]. The first use of nanoindentation was 
for obtaining the hardness of small volumes of materials and developed in the mid-1970s. A 
typical nanoindentation tester consists of three main components: a motorized stage, an indenter, 
and a displacement sensor for measuring the indenter displacement (Figure 3-16). The indenter 
tip is usually made of diamond and formed in pyramid shape. During nanoindentation 
experiments, the applied force and the resulting displacement are recorded when the indenter tip 
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is pressed into the sample surface, resulting in a load-displacement curve (often called the P-h 
curve) [104]. Meanwhile, specifically designed computer software is used for the identification 
of hardness and Young’s modulus through analyzing the measured P-h curves. 
 
 
Figure 3-16. Schematic of a nanoindentation tester [105]. 
 
In this thesis work, mechanical properties (hardness and Young’s modulus) of thin film 
samples were measured by the Berkovich nanoindenter in the department of Mechanical 
Engineering, University of Saskatchewan, which was manufactured by Centre for Tribology Inc. 
Adhesion evaluation by indentation testing. From a common point of view, adhesion 
evaluation is the measurement of the force required to separate two different materials that 
attached to each other. Mittal [106] suggested that adhesion could be categorized as basic 
adhesion and practical adhesion. Basic adhesion attributes to the intermolecular or interatomic 
interactions, in electrostatic, chemical, or van der Waals type. On the other hand, practical 
adhesion reflects the forces of separating two adhering substances, which depends on factors 
 39  
including measurement technique, specimen size and geometry, temperature, etc. It is noted that 
adhesion measurement techniques measure practical adhesion.  
Among all the adhesion test methods, indentation and scratch tests are the two mechanical 
methods that have been used extensively. Both methods are simple, reliable, and utilized by 
commercially available equipment. Semiquantitative results can be obtained by the scratch test. 
In this thesis work, indentation test was adopted for adhesion evaluation due to the availability. 
The early use of indentation test for adhesion measurement was reported by Engel and 
Pedroza [107]. Figure 3-17 shows a schematic of the indentation test. In adhesion evaluation of a 
coating system, an indenter is gradually pressed into the coating. At the edge of the indenter, 
cracking and delamination of the coating may occur and extend outwards [108]. The resistance 
to propagation of the crack along the interface is then used as a measure of adhesion of the 
coating system. The most widely used indentation tests include the Rockwell, Vickers, Brinell, 
and Knoop tests [109]. 
The indentation test has a number of clear advantages, including being applicable to a wide 
range of coating/substrate system, easy operation and sample preparation, and the availability of 
commercial equipment. The main disadvantages are that it is destructive and the loading and 
resulted delamination mechanism is complicated, making it difficult for quantitative analysis. 
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Figure 3-17. Idealized representation of indentation test [108]. 
 
In this thesis work, Rockwell and Vickers indenting tests were used for adhesion evaluation of 
deposited films.  
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CHAPTER 4 
INVESTIGATION OF ADHESION OF DIAMOND-LIKE CARBON ON TI6AL4V 
Adhesion of DLC thin films on Ti6Al4V substrates was investigated using direct ion beam 
deposition with ion energy varying from 65 eV to 100 eV. The samples prepared were 
characterized by Raman spectroscopy, synchrotron near-edge X-ray absorption fine structure 
spectroscopy, scanning electron microscopy, X-ray diffraction, and nanoindentation testing. 
Indentation testing by Vickers hardness tester was used for adhesion evaluation. Results show 
that the adhesion of DLC thin films on Ti6Al4V substrates mainly depends on ion energy used in 
the deposition process. Higher ion energy resulted in higher sp3 concentration of DLC thin films 
but lower adhesion of DLC on Ti6Al4V substrates, in which ion energy of 70 eV shows the best 
adhesion. Interlayers of NDP, W, and TiN were applied for adhesion enhancement of DLC thin 
films on Ti6Al4V. Results show that better adhesion was achieved by incorporated NDP 
compared with W and TiN interlayers due to greatly enhanced interfacial bonding. 
4.1 Introduction 
DLC thin films are usually sought for in many applications due to their extreme hardness, 
stiffness, corrosion resistance, good biocompatibility and tribological properties [18]. In 
particular, deposition of DLC thin film on Ti alloy is considered an important goal in biomedical 
engineering because of the profound commercial importance of enhancing the wear resistance of 
Ti alloys used for orthopedic implants [110].  
However, DLC thin films often suffer from poor adhesion on Ti alloy [111, 112]. Various 
approaches have been used to enhance adhesion of DLC thin films on Ti alloys: (1) optimization 
of deposition conditions; (2) surface treatment of the substrate, including ion implantation, 
plasma immersion ion implantation, nitriding and oxidizing, (3) deposition of an interlayer, 
including a single (Si, Cr, W, TiN, TiC, TiCN and CrN), or a graded layer (Ti/CN, Ti/TiC, 
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Ti/TiN/TiC, and Ti/TiN/TiCN/TiC), (4) incorporation of a metal or metal compound layer to 
form alternative multilayered films such as Ti/DLC and TiC/DLC, and (5) incorporation of non-
metallic or metallic elements such as Si, Al, Cu, Ti, and W into DLC films [113]. However, the 
enhancement of adhesion is limited.     
In this work, the effect of ion energy on adhesion of resulted DLC thin films on Ti6Al4V is 
studied. Widely used adhesion enhancing interlayers of W and TiN are also applied between 
DLC thin films and Ti6Al4V substrates for comparison with our newly developed NDP 
incorporation method [113] for adhesion enhancement of DLC on Ti6Al4V, to demonstrate the 
good performance of the NDP incorporation method and reveal the adhesion enhancement 
mechanism.  
4.2 Experimental details 
Ti6Al4V sheets with dimensions of 10 mm × 10 mm × 1 mm were ground and polished using 
silicon carbide paper (350 grit), 9 m diamond slurry, and 3 m diamond slurry sequentially and 
then cleaned in ethanol for 15 min. The prepared sheets were used as substrates for nanodiamond 
and DLC thin film deposition.  
Nanodiamond deposition on Ti6Al4V was conducted in a 2.45 GHz MPCVD reactor, with a 
gas mixture of methane CH4 and hydrogen H2. Before deposition, the sheets used for 
nanodiamond deposition were ultrasonically seeded for 1hr in a suspension of ethanol and 
nanodiamond powder (average crystal size of 4–5 nm) to enhance diamond nucleation, followed 
by ultrasonic cleaning, rinsing in ethanol and drying in air. The deposition parameters are listed 
in Table 4-1. 
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Table 4-1. Deposition condition of NDP on Ti6Al4V by MPCVD. 
Parameters First step 
(nucleation enhancement)
Second step 
(diamond growth) 
H2 flow rate (sccm) 40 199 
CH4 flow rate (sccm) 10 1 
Total flow rate (sccm) 50 200 
Gas pressure (kPa) 4 4 
Microwave power (W) 600  600 
Temperature (°C) 350 350 
Deposition time (min) 10 60 
 
W interlayer was deposited on Ti6Al4V by sputtering using a HFCVD reactor, described in a 
previous work [114], in an argon environment. The deposition parameters are listed in Table 4-2. 
 
Table 4-2. Deposition condition of W interlayer sputtered on Ti6Al4V by HFCVD. 
Bias (V) Current (A) Ar flow rate 
(sccm) 
Temperature 
(°C) 
Gas pressure 
(kPa) 
Deposition 
time (min) 
500 8 20 470 1.33 40 
 
TiN interlayer was deposited on Ti6Al4V using the same HFCVD reactor in argon and 
nitrogen environment. The deposition parameters are listed in Table 4-3. 
 
Table 4-3. Deposition condition of TiN interlayer deposited on Ti6Al4V by HFCVD.  
Bias (V) Current 
(A) 
Ar flow 
rate (sccm)
N2 flow rate 
(sccm) 
Temperatur
e (°C) 
Gas 
pressur
e (kPa) 
Deposition 
time (h) 
500 8 50 20 490 1.33 4 
 
DLC thin films deposition was conducted using an End-Hall (EH) ion source (KRI EH-1000, 
manufactured by Kaufman & Robinson, Inc. USA) in an ion beam deposition system [115]. The 
sample stage was tilted 45° with respect to the ion beam, the ion source was supplied with 5 
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sccm of methane and the mean ion energy of the beam used ranging from 60 eV to 100 eV as 
listed in Table 4-4.  The deposition was performed without any additional substrate heating and 
with duration of three hours. The chamber base pressure was 2.67 × 10-5 Pa and the working 
pressure was 1.2 × 10-1 Pa. The thickness of the as-deposited DLC thin film was approximately 
150 nm. 
 
Table 4-4. Deposition conditions of DLC thin films on Ti6Al4V. 
Ion energy 
(eV) 
CH4 flow 
rate (sccm) 
Temperature 
(°C) 
Deposition 
time (h) 
60, 70, 75, 
80, 90 
5 30 3 
 
The morphology, microstructure, and chemical bonding of the as prepared particle and film 
samples were characterized by SEM, Raman spectroscopy, NEXAFS, and XRD. The Raman 
spectrometer was operated at a laser wavelength of 514 nm generated by an argon laser. The 
adhesion of DLC thin films on Ti6Al4V was examined by Vickers hardness indentation tests at a 
load of 1000N. 
4.3 Results and discussion 
Figure 4-1 shows the Gaussian-fitted Raman spectra of DLC thin films directly deposited on 
Ti6Al4V by different ion energy ranging from 60 eV to 80 eV. All the spectra show two broad 
peaks centered at around 1350 cm-1 (D band) and 1580 cm-1 (G band), a typical DLC feature 
[113]. The intensity ratio of D and G band, Id/Ig, obtained from Gaussian line simulations for all 
the samples are listed in Table 4-5. It can be seen that the Id/Ig value depends on ion energy, as 
shown in Figure 4-2. The Id/Ig value decreases with the increase of the ion energy used in DLC 
deposition process. According to Ferrari et al., the sp3 bond content in DLC thin films increases 
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with the decrease of Id/Ig value [116]. So it can be concluded that the content of sp3 bonded 
carbon increases with the increase of the ion energy used in DLC deposition process. 
 
 
 
Figure 4-1. Gaussian-fitted Raman spectra of DLC coatings grown on Ti6Al4V by different ion 
energy: (a) 60 eV, (b) 70 eV, (c) 75 eV, (d) 80 eV. 
 
Table 4-5. Id and Ig ratio of DLC thin films on Ti6Al4V deposited with varying ion energy. 
Ion energy 
(eV) 
60 70 75 80 
Id/Ig 1.0289 0.9109 0.8256 0.7184 
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Figure 4-2. Variation of the Id/Ig with ion energy of DLC coatings grown on Ti6Al4V. 
 
Indentation testing was conducted at a load of 1000 N to evaluate the adhesion of DLC thin 
films directly deposited on Ti6Al4V with varying ion energy. Figure 4-3 shows the typical SEM 
images of DLC thin films after indentation testing (Figure 4-3 a-c) and without indentation 
testing (Figure 4-3 d). The light area corresponds to the exposed substrate, and the dark area 
corresponds to the film remaining adhered to the substrate. For the samples #a to #c with ion 
energies ranging from 60 eV to 75 eV, partial spallation or cracking of the films is observed in 
the areas around the imprint. For sample #a with an ion energy of 60 eV, the spallation area 
accounts for about half of the imprint area, and small pieces of delaminated film can be found at 
the edge of the imprint, as shown in Figure 4-3 (a). With the ion energy increased to 70 eV, 
much less spallation of the film is observed on sample #b, and cracking instead of spallation can 
be found at most of the area in the imprint, as shown in Figure 4-3 (b), suggesting good adhesion 
of DLC on Ti6Al4V. With the ion energy further increased to 75 eV, more spallation area can be 
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observed indicating poor adhesion, as shown in Figure 4-3 (c). With the ion energy increased to 
80 eV, the DLC thin film cracks and delaminates from Ti6Al4V substrate even without 
indentation. The spallation area accounts for almost half of the total film area. And with the ion 
energy increased up to 90 eV, no DLC deposition is achieved on Ti6Al4V by direct ion beam 
deposition in this work. So the best adhesion happens at the ion energy of 70 eV. As Robertson 
reported, the best deposition process that induces the highest sp3 bonded carbon of DLC involves 
“a carbon ion flux at about 100 eV per carbon atom” [18]. However, it is impossible for DLC 
grown on Ti6Al4V substrate at this high ion energy by direct ion beam deposition in this work. 
The adhesion failure of DLC on Ti6Al4V deposited with ion energy ranging from 80 eV to 100 
eV is due to the significant compressive intrinsic stress in DLC thin film induced by the film 
deposition process-energetic particles bombardment of the film surface. The magnitude of the 
intrinsic stress depends on the film-substrate structure and the impact energy per atom [117]. For 
DLC grown on Ti6Al4V substrate, best interfacial adhesion happens at ion energy of 70 eV, and 
the adhesion of film decreases with increases of the ion energy when the ion energy used is 
higher than 70 eV, indicating that DLC deposition on Ti6Al4V at ion energy of 70 eV ensures 
the lowest intrinsic stress.  When ion energy increases, the excessive stress level may induce 
delamination of film [117]. 
When adhesion failure for a given film-substrate structure cannot be avoided, application of 
interlayer is promising for producing mechanical stable film-substrate structures. In this work, 
NDP was chosen due to its chemical, mechanical, and structural similarity to DLC to minimize 
the free energy of the formed interface [118]. Widely used adhesion enhancement interlayers of 
W and TiN were applied for comparison. 
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Figure 4-3. Typical SEM images of DLC coatings on Ti6Al4V after indentation testing deposited 
by different ion energy: (a) 60 eV, (b) 70 eV, (c) 75 eV, (d) 80 eV (without indentation). 
 
Typical SEM images of these as-deposited interlayers formed on Ti6Al4V substrates are 
shown in Figure 4-4. It can be seen that the NDP (light dots) covered most of the Ti6Al4V 
surface as shown in Figure 4-4 (a), this high density would result in good adhesion as reported in 
our previous work [113]. Continuous films of W and TiN with similar surface topography are 
synthesized on Ti6Al4V substrates for comparison, as shown in Figure 4-4 (b) and (c). The 
particle sizes of the as-deposited diamond, W, and TiN are all less than 100 nm. 
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Figure 4-4 Typical SEM images of (a) diamond, (b) W, and (c) TiN interlayers grown on 
Ti6Al4V. 
 
Figure 4-5 shows the typical XRD patterns of NDP, W, and TiN interlayers on Ti6Al4V, 
where the diamond peaks are denoted as D. In Figure 4-5 (a), it can be seen that there are 
diamond peaks at 2θ = 51°, and 91°, Ti peaks at 44°, 62°, 75°, 84°, and 99° (from the substrate), 
and TiC peaks at 41° and 92°, indicating the formation of a TiC intermediate layer on the 
substrate surface. The formation of a TiC interfacial layer is beneficial to the enhancement of 
adhesion of top films and the reduction of substrate damage caused by hydrogenation, as 
revealed by our recent investigations [113, 119]. The W peaks can be found at 2θ=47°, 68°, 87°, 
respectively, indicating that polycrystalline W thin films have been deposited onto the Ti6Al4V 
substrate, as shown in Figure 4-5 (b).  Figure 4-5 (c) demonstrates TiN peaks at 2θ=41°, 92°, and 
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94°, with Ti peaks at 44°, 47°, 62°, 75°, and 84° (from the substrate), confirming the crystalline 
nature of the TiN interlayer. 
 
 
 
Figure 4-5. XRD patterns of (a) diamond, (b) W, and (c) TiN interlayers on Ti6Al4V. 
 
Indentation testing by Vickers hardness tester was conducted at a load of 1000 N to evaluate 
the adhesion of the NDP/DLC, W/DLC, and TiN/DLC composite thin films. Figure 4-6 shows 
the SEM images of the as-deposited DLC thin films with different interlayers after indentation 
testing. It can be found that all the DLC composite thin films show better adhesion on Ti6Al4V 
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substrate comparing with the DLC thin films directly deposited on Ti6Al4V without interlayer. 
For DLC grown on Ti6Al4V with W and TiN interlayers as shown in Figure 4-6 (c) and (d), 
much less cracking in the imprint and much less spallation around the edge of the imprint is 
observed comparing with DLC samples without interlayer. It can also be seen that the adhesion 
of DLC with W interlayer is slightly better than that with TiN interlayer. And the size of the 
imprint of NDP/DLC and W/DLC is slightly smaller than that of TiN/DLC. This is possibly 
because of the higher Young’s modulus of the as-deposited diamond and W interlayers than TiN. 
It should be noted that among all the DLC composite thin films, NDP/DLC sample shows almost 
no spallation both within and around the imprint area, as shown in Figure 4-6 (a). In addition, 
only fine cracking lines can be observed inside the imprint as shown in the Figure 4-6 (b) (an 
image of the imprint with higher magnification). All the results indicate that application of 
adherent interlayer with high hardness and Young’s modulus values between DLC and Ti6Al4V 
substrate is promising to enhance the adhesion of DLC on Ti6Al4V. In addition, the NDP has 
been demonstrated to be a more effective adhesion promoter comparing with W and TiN 
interlayers for DLC grown on Ti6Al4V substrate. This is due do the reduced stress and increased 
interfacial strength and toughness [113]. 
To reveal the quality of as-deposited NDP/DLC composite thin film, synchrotron NEXAFS 
spectroscopy was used for characterization. Figure 4-7 shows the C K-edge NEXAFS spectra of 
NDP/DLC thin films grown on Ti6Al4V substrate recorded in TEY. The peak located around 
286.3 eV corresponds to the transition C 1s→π* for the sp2 C=C bond, and the peak located 
around 289.8 eV is the most interesting one as it is associated with the excitations from C 1s to 
σ* in sp3-rich material, characteristic feature of DLC [120]. 
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Figure 4-6 Typical SEM images of DLC coated Ti6Al4V after indentation testing with different 
interlayers: (a) (b) diamond, (c) W, and (d) TiN. 
 
 
Figure 4-7. C K-edge NEXAFS spectrum of NDP/DLC composite thin film grown on Ti6Al4V. 
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4.4 Conclusions 
The research demonstrates that the adhesion of DLC thin films directly deposited on Ti6Al4V 
substrates by direct ion beam deposition mainly depends on the ion energy used in the deposition 
process. Higher ion energy resulted higher sp3 concentration of DLC thin films, but lower 
adhesion of DLC on Ti6Al4V substrates when the ion energy used is higher than 70 eV. 
Application of adherent interlayer with high hardness and Young’s modulus values between 
DLC and Ti6Al4V substrate is promising to enhance the adhesion of DLC on Ti6Al4V. In 
addition, our newly developed NDP incorporation method works best for DLC adhesion 
enhancement on Ti6Al4V comparing with W and TiN interlayers due to greatly enhanced 
interfacial bonding. 
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CHAPTER 5 
CVD NANOCRYSTALLINE DIAMOND COATINGS ON TI ALLOY: A SYNCHROTRON-
ASSISTED INTERFACIAL INVESTIGATION 
Diamond coating on Ti6Al4V alloy was carried out using microwave plasma enhanced CVD 
with a super high CH4 concentration, and at a moderate deposition temperature close to 500 ℃. 
The nucleation, growth, adhesion behaviors of the diamond coating and the interfacial structures 
were investigated using Raman, XRD, SEM/TEM, synchrotron radiation and indentation test. 
Nanocrystalline diamond coatings have been produced and the nucleation density, nucleation 
rate and adhesion strength of diamond coatings on Ti alloy substrate are significantly enhanced. 
An intermediate layer of TiC is formed between the diamond coating and the alloy substrate, 
while diamond coating debonding occurs both at the diamond-TiC interface and TiC-substrate 
interface. The simultaneous hydrogenation and carburization also cause complex micro-
structural and microhardness changes on the alloy substrates. The low deposition temperature 
and extremely high methane concentration demonstrate beneficial to enhance coating adhesion 
strength and reduce substrate damage. 
5.1 Introduction 
Titanium and its alloys have been widely used in aerospace, biomedical, chemical processing 
industries, marine facilities, sports equipment because of their promising properties including 
low density, very high tensile strength and toughness, and high corrosion resistance [121,122]. 
Their extended applications are mainly restricted by the poor tribological properties. Chemical 
vapor deposition of wear/corrosion resistant diamond coatings on such materials can markedly 
enhance the durability and service performances of these materials [123, 124]. However, it is 
difficult to obtain adherent diamond coatings on such Ti alloys due to the large mismatch of the 
thermal expansion coefficients of the diamond and the substrate materials [125]. In addition, 
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severe chemical reaction between the gas reactants and the base materials strongly alters the 
microstructures of the substrate materials and deteriorate their mechanical properties [126-130]. 
For instance, although atomic hydrogen is usually considered crucial to synthesize high quality 
diamond during the chemical vapor deposition process, as it preferentially etches non-diamond 
carbon species, hydrogen also readily dissolves into Ti substrate and induces phase 
transformation and microstructure changes, leading to increased embrittlement [131, 132]. 
Furthermore, the formation of an intermediate titanium carbide layer at the early stage of CVD 
processing introduces a new hetero-interface and complicates the adhesion failure models of 
diamond coatings [133, 134]. 
Extensive investigations have been conducted so far to exploit new processing methods to 
produce continuous, smooth and well adherent diamond coatings on metallic Ti and its alloys of 
different shape and dimensions. However, barrier still exists in obtaining smooth, adherent 
diamond coatings without altering the microstructure and mechanical properties of the base 
materials. In this study, the diamond has been synthesized from pure methane to mitigate the 
impact of hydrogen on the substrate microstructure and to enhance the nucleation and growth of 
diamond. Furthermore, to decrease the thermal stress impact, a moderate deposition temperature 
is adopted simultaneously to improve the interfacial adhesion. The structure changes of the alloy 
material after plasma exposure are also characterized by synchrotron fluorescence spectroscopy 
and micro-diffraction. 
5.2 Experimental materials and methods 
Ti6Al4V alloy was used as substrate material for diamond deposition. The Ti alloy plate was 
cut into specimens of 10 mm ×10 mm × 1 mm and mechanically polished with 600# SiC 
sandpapers, ultrasonically cleaned in acetone and dried by flowing N2. To enhance diamond 
nucleation density, some Ti alloy samples were further subjected to a supersonic pretreatment for 
 56  
20 min in pure ethanol mixed with a suspension of ultra-nanocrystalline diamond powder (5 nm 
on average), followed by an ultrasonic rinse in distilled water for another 10 min. Diamond 
deposition was conducted in a 2.45 GHz microwave plasma enhanced CVD system 
(Plasmionique) at a working pressure of 30 Torr. Basically, a pure methane precursor was used 
for diamond synthesis, while single hydrogen plasma etching and a 99% H2 – 1% CH4 gas 
mixture were also applied for comparison. The microwave input power was kept at 600 W, 
producing a deposition temperature approximately 500 ℃, as measured by a thermal couple 
mounted underneath a stainless steel substrate holder. 
The morphology, composition and structure of the diamond coating, coating-substrate 
interface and the underlying substrate near-surface were characterized by SEM, micro-Raman 
spectroscope, XRD, AFM, and micro-hardness measurement. Synchrotron-based NEXAFS, X-
ray Laue micro-beam diffraction were performed at the 10ID-2, 06B1-1 and 07B2-1 beamlines 
of the Canadian Light Source, to address the bonding states of the diamond coatings and the 
structure changes (granular lattice orientation, coarsening, phase transformation) of the Ti alloy 
substrate. The adhesion ability of the diamond coatings were evaluated by Rockwell C 
indentation testing using a 150 kg load. 
5.3 Results and discussion 
Figure 5-1 shows the SEM images of diamond nucleation and growth on Ti alloy with two 
different pre-treatments and deposition parameters. For the Ti alloy without pre-scratching with 
diamond suspension, the nucleation density with a 1% CH4 concentration is very low. After 2 h 
of deposition, the diamond crystals are only sparsely distributed on Ti alloy surface, as shown in 
Figure 5-1 (a). The diamond crystallites are not as well faceted as those grown on Si wafer under 
the same deposition conditions, probably due to a significant diffusion of carbon in the Ti 
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substrate, which causes a lack of carbon oversaturation on the substrate surface and delays 
diamond nucleation. The diamond nucleation density can be markedly increased by applying a 
diamond scratching pretreatment, normally ascribed to a pre-seeding effect. Our study shows that 
even without such a scratching pre-treatment, using a 100% CH4 precursor can also markedly 
enhance the diamond nucleation density, as shown in Figure 5-1 (b). In addition, a 
nanocrystalline diamond coating has been produced from the pure methane on the alloy surface, 
as shown in Figure 5-1 (c). Figure 5-2 shows the AFM top surface images of the nanocrystalline 
diamond coating. The RRMS value is 235±31 nm (N = 5) for a 5 μm × 5 μm areas taken at 
different spots on the sample. The film shows that the nanodiamond is aggregated into larger 
cauliflower structures approximately 1 μm in diameter. Higher resolution imaging reveals that 
these large structures are composed of smaller nanodiamond clusters with approximate diameters 
of 50 nm. Some pinhole defects are apparent in the film. Figure 5-2 (d) shows the AFM surface 
image of diamond film synthesized with 1% CH4 diluted in 99% H2. The microcrystalline 
diamond grains have well faceted orientation and result in a much rougher surface. 
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Figure 5-1. SEM images of diamond nucleation and growth on Ti alloy. (a) 1% CH4, 2 h, (b) 
100% CH4, 0.5 h and (c) 100% CH4, 5 h. 
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Figure 5-2. AFM images of diamond coatings synthesized on Ti alloy with 100% CH4 (a–c) and 
1% CH4 (d). 
 
Figure 5-3 (a) shows the Raman spectroscopy of nanocrystalline diamond coatings derived 
from pure methane. A small diamond characteristic peak at 1338 cm−1, is broadened and shifted 
upward in comparison with its stand position at 1332 cm−1. This can be primarily attributed to 
the reduced diamond grain size and accumulated residual stress in the film. In addition to this 
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diamond main peak, two additional peaks located at 1140 cm−1 and 1480 cm−1 are detected. 
These two peaks are usually attributed to nanocrystalline diamond. However, some other 
researchers demonstrated by analyzing the Raman spectra taken at different excitation energies 
that these peaks are actually a signature of transpolyacetylene and have nothing to do with C–C 
sp3 vibrations [135]. Considering the ultrahigh CH4 concentration we are using here, the atomic 
hydrogen coming from CH4 dissociation has a much weaker etching effect on the graphitic 
carbon in comparison with that in H2-rich environment. As a consequence, more sp2 carbon may 
remain in the diamond films, especially enrich at grain boundaries for fine grain-sized diamond 
films. Nonetheless, because visible Raman is 70 times more sensitive to sp2 sites than sp3 sites, 
the absence or low intensity of any graphitic peaks indicates a high sp3 fraction in the diamond 
films. Furthermore, the broad peak (G-band) centered at 1520 cm−1 is also an apparent signature 
of high fraction of sp3 carbon, as a shift of the G-band frequency from stand (1580 cm−1) to a 
smaller wavelength is normally accompanied by a higher sp3 concentration [136]. Figure 5-3 (b) 
shows the C K-edge NEXAFS spectrum of diamond film synthesized with pure methane. A 
graphite spectrum is plotted as well for comparison. We can see that the diamond spectrum 
exhibits a sharp absorption edge at 289 eV and a large dip at 303 eV, characteristic features of 
pure diamond, confirming the films grown from pure methane are still dominated by sp3 
diamond in nature. A weak peak appears at 285.5 eV in the spectrum, typical signature of  π 
bonding from the non-diamond carbon. This peak is very weak at 1% methane concentration and 
becomes a more intense at 100% methane, but it is insignificant comparing with that of graphite 
[137]. The combined evaluation by Raman and XAS determines that the nanocrystalline 
diamond films synthesized from pure methane consist of predominate diamond nanocrystallites 
with a small amount of sp2 carbon. 
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Figure 5-3. Raman (a) and synchrotron C–K edge XAS spectra (b) of nanodiamond coating 
synthesized with 100% CH4. 
 
Figure 5-4 shows typical XRD patterns of Ti alloy substrates subjected to different plasma 
treatments including diamond synthesis with 100% CH4 and pure H2 plasma etching. The XRD 
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patterns of pure diamond and as polished fresh Ti alloy are also plotted for comparison. After 
plasma treatment in pure methane, no clear diamond peaks are observed on as-polished Ti 
substrate. Instead, strong TiC phase patterns appear. This is because of significant carbon 
diffusion in the substrate during the plasma CVD process, which results in a lack of carbon 
supersaturation on the alloy surface and, consequently, a low diamond nucleation density. After a 
diamond paste pre-scratching treatment, continuous nanocrystalline diamond coating forms 
easily on the Ti alloy. When this top diamond coating is mechanically removed by repeating 
bending of the substrate till a fresh Ti alloy surface is exposed, the corresponding XRD patterns 
from such an interface reveal strong peak intensities of TiC phase, indicating a significant 
amount of residual TiC remained on the alloy surface. The function of this intermediate TiC 
layer will be discussed later. No clear patterns related to titanium hydride phase are detected. The 
reason may be due to the low percentage of atomic hydrogen presented in a pure methane 
environment, and hydrogen dissolved in the Ti ally substrate does not form hydride precipitate, 
or the fraction of titanium hydride formed is not high enough to be detected. For the Ti alloy 
subjected to a direct plasma etching in pure H2, titanium hydride peaks appear but the intensity is 
highly temperature dependent, as shown in Figure 5-4 (b). At 500 ℃, the diffraction patterns are 
simple and only one TiH2 peak is observed with a low intensity. At 800 ℃, a few more peaks 
corresponding to TiH2 and/or β-Ti and TiH are measured. The complex microstructure changes 
and their effect on the mechanical behavior of the Ti alloys will be characterized in continued 
work. Anyway, this comparison indicates clearly that a high CVD temperature can dramatically 
affect the alloy microstructures [138]. A lower CVD temperature, as we employ in this study, has 
markedly reduced such a detrimental impact. 
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Figure 5-4. XRD patterns of Ti alloy substrate after treatment in pure methane (a) and pure H2 (b) 
plasma atmospheres. (i): Freshly polished Ti alloy (ii) as polished Ti alloy and after CVD in 
100% CH4, (iii) diamond suspension pre-scratched Ti alloy surface, after CVD in 100% CH4 and 
removal of top diamond film and (iv) pure diamond for reference. (I) Ti alloy after H2 etching at 
500 ℃, (II) Ti alloy after H2 etching at 720 ℃. ▽, α-Ti; ◆, TiC; *, diamond; §, TiH2 and β-Ti; ?, 
TiH. 
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To evaluate the interfacial bonding properties of diamond coatings grown on the Ti alloy 
substrate, a Rockwell C indentation test has been conducted using a load of 150 kg and the 
results are shown in Figure 5-5. For diamond coatings synthesized in a low methane 
concentration of 1%, severe spallation of the diamond coatings occurs after indentation test, as 
clearly shown in Figure 5-5 (a). However, less coating spallation is observed around the 
indentation imprint for diamond coatings produced with highly increased methane concentrations 
(Figure 5-5 (b) and (c)), except that some lateral cracks are initiated on the coating surface with 
crack radius varying from hundred to two hundred micrometers. The absence of a significant 
coating spallation under such a high indentation load confirms that the diamond coatings 
synthesized with pure CH4 have high interfacial adhesion strength. When a Ti alloy plate 
covered with the nanocrystalline diamond coatings is cut off using a metal cutting machine, a 
bending deformation of alloy substrate happens along the cutting edges (Figure 5-6 (a)), and the 
diamond coating is subjected to a severe shear stress. Lateral cracking is observed in the shear 
zone of the diamond coatings, but spallation is observed only locally along the cutting edge 
(Figure 5-6 (b)), indicating the diamond coatings possess high interface fracture toughness and 
the related adhesion strength. For diamond coatings synthesized with a low methane 
concentration, as the conventional 1%, a severe coating delamination has been observed after 
indentation test (results not shown here). So the nanocrystalline diamond coatings synthesized 
with pure methane demonstrate enhanced adhesion properties on the Ti alloy substrates. The 
interfacial adhesion enhancement of diamond coatings synthesized from pure methane and at a 
moderate temperature may result from a few beneficial aspects. First is that a carbon 
supersaturation necessary for high nucleation density and rate of diamond can be easily 
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established on the Ti alloy surface, which effectively increases the contact sites of diamond 
coating with the underlying substrate and reduce the interfacial porosity [139, 140]. The second 
is that the deposition temperature adopted is relatively low, mitigating the coating delamination 
risk induced by thermal stress that arise due to mismatch in thermal expansion coefficients of 
coating substrate system [141]. The third is that an abundant carbon source supply facilitates fast 
formation of an intermediate titanium carbide layer, acting as a diffusion barrier to prohibit 
continued carbon diffusion and hydrogen penetration in the alloy substrate [142]. Figure 5-7 
shows the TiC layer formed at the diamond-substrate interface. The debonding interface 
observation is realized by mechanical bending of the diamond-coated Ti substrate till the top 
diamond coating delamination occurs and a fresh substrate surface is exposed. It can be seen that 
a large fraction of TiC layer remains on the substrate surface, indicating a debonding of the 
nanocrystalline diamond coating has taken place both at the diamond–carbide layer interface and 
at the carbide layer–substrate interface (Fig. 5-7 (b)). Figure 5-8 shows a TEM image and the 
corresponding selected area electron diffraction (SAED) image from the alloy surface. A TiC 
intermediate layer has been clearly identified on the substrate surface. In fact, due to the very 
reactive nature of titanium to different gas species, the interface chemistry may be more complex 
and titanium oxide, carbide and hydride can co-exist on the surface or nears surface of the 
substrate materials, which markedly influence the subsequent diamond nucleation and adhesion. 
TiC has a thermal expansion coefficient between those of diamond and the Ti alloy. 
Theoretically, the formation of a titanium carbide intermediate layer helps reduce the thermal 
stress and enhance the adhesion of diamond coating. However, this effectiveness also depends on 
the properties of TiC layer in terms of its stoichiometry, structure and morphology. A porous and 
rough TiC layer will adversely results in cracking and spallation of top diamond coating, rather 
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than contributes to its adhesion strength. In this study, the diamond coating delamination occurs 
at different interfaces where a weaker interface strength dominates, indicating that optimized 
deposition conditions are required to further enhance the coating adhesion grown on such strong 
carbide-forming substrates. 
 
 
 
Figure 5-5. SEM images of diamond coatings after indentation test. (a) Synthesized with 1% 
CH4, (b) and (c) synthesized with 100% CH4. 
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Figure 5-6. SEM surface images of diamond coated Ti alloy synthesized with 100% CH4 and 
after cutting. (a) A general view and (b) a magnified view of shear deformation zone. 
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Figure 5-7. SEM images of (a): fractured cross section of diamond coated Ti alloy and (b) a top 
view of exposed alloy surface after removal of the top diamond coating. 
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Figure 5-8. Cross sectional TEM image (a) and SAED (b) of diamond-coated Ti alloy. 
 
Titanium and its alloys are well known very sensitive to hydrogen uptake. The hydrogen 
adsorption, penetration and formation of secondary phase titanium hydrides will alert the 
substrate microstructures, damage the mechanical properties such as hydrogen embrittlement and 
loss in tensile ductility, and possibly also influence the nucleation and adhesion of diamond 
coatings due to changed interface conditions. Some Ti alloy samples have been exclusively 
etched in pure hydrogen plasma and the etched substrate surfaces are shown in Figure 5-9. Many 
micro-cracks caused by the formation and rupture of brittle titanium hydride phases are observed. 
Figure 5-10 compares the Vickers microhardness values (under a 500 g load) of the alloy 
surfaces after different treatment. The lowest value of microhardness (320±17 HV) is measured 
on the as-polished Ti alloy. The value increases to 353±23 HV on the as-polished alloy following 
a treatment in pure methane plasma, and this is attributed to the formation of TiC by a 
carburization process on the near surface of the alloy. Similarly, the microhardness value 
measured on the alloy surface after removing the top diamond, approaches approximately 400 
HV and it is attributed to a major contribution of residual TiC intermediate layer. Comparatively, 
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the pure hydrogen plasma etched Ti alloy demonstrates the highest value of surface 
microhardness up to 670, most probably because of a kind of hydrogen solution strengthening 
effect in combining with the formation of brittle titanium hydride phase and lattice defects [143]. 
 
 
 
Figure 5-9. SEM micrographs of Ti alloy surface after plasma etching in pure hydrogen. (a) A 
general view and (b) a magnified view. 
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Figure 5-10. Microhardness changes (HV values) dependent upon the Ti alloy surface conditions. 
 
5.4 Conclusions 
Nanocrystalline diamond coatings are deposited on Ti6Al4V alloy substrate at a moderate 
deposition temperature with a pure CH4 precursor. The nucleation density and adhesion strength 
of diamond coatings are markedly enhanced. A titanium carbide intermediate layer is formed 
between diamond coating and Ti substrate, and it strongly influences the subsequent diamond 
coating adhesion performance. Diamond coating delamination occurs at different interfaces 
including both diamond–TiC and TiC–substrate interfaces. Significant surface micro-hardness 
variations are observed due to the hydrogenation and/or carburization procedures. The low 
deposition temperature and H2 concentration applied in this study are expected to mitigate such 
substrate damage and will be further investigated. 
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CHAPTER 6 
NANOCRYSTALLINE DIAMOND THIN FILMS GROWN ON TI6AL4V ALLOY 
Diamond nucleation and deposition on Ti6Al4V substrates were investigated using 
microwave plasma assisted chemical vapor deposition under different seeding and deposition 
conditions. The samples prepared were characterized by scanning electron microscopy and 
Raman spectroscopy.  The results show that the nucleation density of diamond can be enhanced 
up to 1011/cm2 by nanodiamond seeding and two-step deposition. By optimizing the seeding and 
deposition parameters, nanocrystalline diamond thin films were synthesized at relatively low 
microwave power (600 W) within a short time deposition; consequently, the microstructure 
change of Ti6Al4V as a result of hydrogen diffusion was significantly reduced due to the low 
deposition temperature and short deposition time. 
6.1 Introduction 
Diamond thin film coated Ti and titanium alloys possess great potential for a variety of 
applications such as jet propulsion systems, compressor blades, biomedical implants, and 
chemical engineering components [50, 144, 145]. Ti and Ti alloys exhibit high mechanical 
strength, good corrosion resistance and low density. These characteristics make them widely 
used in chemical, aerospace and biomedical engineering. However, there is a significant 
drawback of Ti and Ti alloys: low resistance against wear, fretting fatigue and erosion. 
Deposition of a well-adhered diamond coating is a promising way to solve this problem owing to 
the outstanding properties of diamond including its extreme hardness, low friction coefficient, 
chemical inertness and high thermal conductivity [23, 50, 144-147].  
Generally, the methods to deposit diamond coating are chemical vapor deposition (CVD) with 
hot filament, microwave plasma and DC plasma [148]. However, because the deposition process 
is usually undertaken at high temperature (700–850 C) in a hydrogen-rich environment, the 
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diffusion of hydrogen can lead to deterioration of the mechanical properties of the substrate, in 
particular, fatigue life and impact strength [143, 149-151]. Normally, this diffusion of hydrogen 
can be reduced by using low deposition temperature and short deposition time. However, the low 
growth rate of diamond on Ti alloy at low temperature make formation of continuous film in a 
short time even more difficult. In order to achieve a high nucleation density of diamonds on Ti, 
ultrasonic seeding [50, 152] and bias-enhanced nucleation [3] are frequently used. Enhanced 
nanodiamond seeding using a polymer matrix is also developed [153, 154]. In this paper, 
ultrasonic seeding with a two-step deposition technique was developed to solve this problem. 
Very thin smooth NCD thin films were grown on Ti6Al4V at low temperatures in a MPCVD 
within a short deposition time. 
6.2 Experimental details 
Ti6Al4V wafers with dimensions of 10 mm × 10 mm × 2 mm were ground and polished using 
silicon carbide paper (350 grit), 9 m diamond slurry, and 3 m diamond slurry sequentially and 
then cleaned in ethanol for 15 min. The final preparation step involved ultrasonic seeding for 
different durations (10 min, 20 min, 30 min, 45 min, 1 h, 2 h, 3 h, 5 h, 7 h) in a suspension (1 
mg/ml, 0.1 wt.%) of ethanol and diamond powder (average crystal size of 4 – 5 nm for 
nanodiamond seeding, and 1 μm for microdiamond seeding), followed by ultrasonic cleaning, 
rinsing in ethanol and drying in air.  
Diamond deposition on Ti6Al4V was conducted in a 2.45 GHz MPCVD reactor with CH4/H2 
gas mixture. A two-step deposition method was used, 20 vol.% CH4 for the nucleation step, and 
0.5 vol.% CH4 for the deposition step. The working pressure was maintained at 4 kPa. 
Microwave power was from 500 W to 1000 W. The detailed deposition parameters are listed in 
Table 6-1. After diamond deposition, the samples were characterized by SEM (JSM-6010LA, 
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manufactured by JEOL, operating voltage used was 15 kV) and Raman spectroscopy. The 
Raman spectra were obtained by a Renishaw micro-Raman system 2000 spectrometers operated 
at a laser wavelength of 514.5 nm generated by an argon laser. Nucleation density was calculated 
as the number of grains per area, averaging over 8 spots (1 μm × 1 μm) in SEM images for 4 
samples prepared under same conditions. 
 
Table 6-1. Deposition conditions of diamond thin films on Ti6Al4V substrate. 
Parameters First step 
(nucleation enhancement)
Second step 
(diamond growth) 
H2 flow rate (sccm) 40 199 
CH4 flow rate (sccm) 10 1 
Total flow rate (sccm) 50 200 
Gas pressure (kPa) 4 4 
Microwave power (W) 500 600 700 800 900 1000 500 ~ 1000 
Temperature (C) 300 350 500 600 700 850 300 ~ 850 
Deposition time (min) 10 ~ 60 10 ~ 120 
 
6.3 Results and discussion 
Figure 6-1 shows the SEM images of diamond on Ti6Al4V without seeding, seeding with 
micro- and nano- diamond particles for 3 h pretreatment followed by 10 min nucleation and 1 h 
growth. It can be seen that the nucleation density of diamond is in the order of 108/cm2 without 
seeding, 109/cm2 with micro-diamond seeding, and 1011/cm2 with nanodiamond seeding.  These 
results have demonstrated that nanodiamond seeding is a very effective method to enhance the 
nucleation of diamond on Ti6Al4V substrate. 
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Figure 6-1. SEM images of diamond grown on Ti6Al4V (a) without seeding, (b) by micro-
diamond seeding, (c) by nano-diamond seeding. 
 
Figure 6-2 shows the SEM images of diamond on Ti6Al4V by nanodiamond seeding for 1 h, 
3 h, 5 h and 7 h followed by 10 min nucleation and 1 h growth. It can be seen that under these 
conditions, 3 h is the optimal seeding time. This is because this seeding process can also cause 
nano-scale defects on Ti6Al4V surface due to bombardment of nanodiamond, including nano-
scale pit, ditch and mound, which can be called the roughing effect. The defects increase with 
seeding time, reach a peak, and then fall due to the polishing effect (removal of the rough sites 
by nanodiamond bombardment). After 3 h, the nucleation density fails to increase further due to 
the balance between seeding, roughing, and polishing. 
 77  
 
 
 
Figure 6-2. SEM images of diamond grown on Ti6Al4V by nano-diamond seeding for (a) 1 h, (b) 
3 h, (c) 5 h, (d) 7 h. 
 
Figure 6-3 shows the SEM images of diamond on Ti6Al4V by 1 h nanodiamond seeding 
without nucleation, and with 10 min, 30 min, and 45 min nucleation and 1 h growth. The results 
indicate that with 1 h nanodiamond seeding, nucleation density increases with the increase in 
nucleation time and a near-continuous NCD thin film can be formed after 45 min deposition, as 
shown in Figure 6-3 (d). However, due to the secondary nucleation, the diamond grain size 
shows no significant change with the change in nucleation time; grain size remains 
approximately 20 nm as shown in the inserts in Figure 6-2 (b) and Figure 6-3 (c). 
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Figure 6-3. SEM images of diamond grown on Ti6Al4V by different nucleation time (a) without 
nucleation, (b) 10 min, (c) 30 min, (d) 45 min. 
 
The nucleation density of diamond on Ti6Al4V under various seeding and nucleation time is 
summarized in Figure 6-4. It can be seen that 1 h & 3 h are the optimized seeding time and 45 
min & 10 min are the optimized nucleation time for 1 h & 3 h seeding, respectively. For 3 h 
seeding, diamond nucleates quickly on Ti6Al4V within 10 min, whereas 1 h seeding samples 
need 45 min to reach their peak nucleation density. Compared with 1 h & 3 h seeding, 2 h, 5 h 
and 7 h seeding are less effective. This is probably due to the balance between seeding, roughing 
and polishing. During the diamond seeding process, the diamond seeding density and nano-scale 
defects induced on Ti6Al4V increase with seeding time before reaching a peak at approximately 
1 h, and then decrease due to the polishing effect. After that, these defects and seeding density 
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increase again because of the bombardment of nanodiamond and peak at 3 h, and fall again after 
that due to over-polishing. Based on the results, 3 h seeding is most effective to enhance 
diamond nucleation, enabling NCD thin film formation within a short time (2-3 h) under low 
microwave power of 600 W as shown in Figure 6-4. 
 
 
 
Figure 6-4. Nucleation density (Nd) of diamond on Ti6Al4V with different seeding and 
nucleation time and SEM image of NCD thin film on Ti6Al4V after total 3 h deposition. 
 
Figure 6-5 shows the SEM images of diamond deposited on Ti6Al4V at different microwave 
powers. It can be seen that nucleation density is similar with different microwave power ranging 
from 500 W to 1000 W (by 1 h nano-diamond seeding, 45 min nucleation). In order to prevent 
 80  
the deterioration of mechanical properties of Ti6Al4V and to decrease the interfacial thermal 
stress due to the thermal expansion coefficient, it is desirable to use low microwave power for 
the deposition. However, diamond growth rate is too low for microwave power of 500 W, thus 
600 W was used for the investigation of nucleation and growth of diamond. 
 
 
 
 
Figure 6-5. SEM images of diamond grown on Ti6Al4V at (a) 500 W, (b) 600 W, (c) 700 W, (d) 
800 W, (e) 900 W, (f) 1000 W. 
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Figure 6-6 shows the Raman spectra of the diamond deposited on Ti6Al4V substrate for 
various nucleation times. All spectra show a diamond characteristic peak at 1332 cm-1, 
confirming the diamond nature of the nuclei, and a broad peak at 1550 cm-1, corresponding to 
sp2-bonded non-diamond carbon [18, 155]. When the nucleation time is short (10 min), the peak 
is weak because of the low quantity of carbon (a mixture of diamond and sp2-bonded non-
diamond carbon) deposited. The peaks become stronger for nucleation time of 30 min and 45 
min due to the increased quantity of carbon deposited, but the intensity ratio of diamond peak to 
non-diamond peak shows no significant change with nucleation time, indicating that the 
nucleation time has no significant effect on the quality of diamond nuclei. 
 
 
Figure 6-6. Raman spectra of diamond grown on Ti6Al4V with different nucleation time (by 1 h 
growth)  (a) 10 min, (b) 30 min, (c) 45 min. 
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Figure 6-7. Microstructure of Ti6Al4V (a) as received and CVD-diamond coated at (b) 600 W – 
3 h (c) 900W – 1 h (d) 500 W – 7 h by SEM. 
 
 
Figure 6-8. Fracture microstructure of Ti6Al4V (a) as received and CVD-diamond coated at (b) 
600 W – 3 h. 
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Cross-sectional microstructures of Ti6Al4V were investigated before and after nanocrystalline 
diamond deposition by SEM. Figure 6-7 (a) shows the microstructure of as-received Ti6Al4V 
substrate before deposition. There are two phases: equiaxed α (black) and β (white) [156]. After 
3 h deposition at 600 W, no structural changes of Ti6Al4V can be observed (see Figure 6-7 (b)), 
whereas phase transformation can be seen clearly at higher power or longer time as demonstrated 
in Fig. 6-7 (c) after 1 h deposition at 900 W and in Figure 6-7 (d) after 7 h deposition at 500 W. 
Both Figure 6-7 (c) and Figure 6-7 (d) show a decreased α grain size and increased β phase 
amount due to the α→β phase transformation via α/β interfacial migration. This is probably 
because of the combined effect of high temperature and diffusion of hydrogen. In the 
hydrogenation process, the hydrogen-rich phase (β) gradually increases with increasing hydrogen 
content due to the stabilization effect of hydrogen [157]. Figure 6-8 shows SEM fracture graphs 
of Ti6Al4V before and after diamond deposition. Both the as-received (Figure 6-8 (a)) and 600 
W – 3 h deposited (Figure 6-8 (b)) samples show similar spherical dimples, characteristic of 
ductile fracture [158]. These results show that 600 W for 3 h is an appropriate deposition 
condition for diamond on Ti6Al4V as it does not induce significant changes in 
the microstructure of the substrate. 
 
6.4 Conclusions 
The research work done has demonstrated that NCD thin films can be deposited on Ti6Al4V 
substrates by MPCVD at relatively low microwave power of 600 W within 3 hours. Under these 
conditions, almost no structural change of Ti6Al4V can be observed, which indicates the 
deterioration of the mechanical properties of Ti6Al4V caused by diamond deposition can be 
significantly reduced. These results can widen the application of NCD on Ti6Al4V for aerospace 
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engineering, chemical engineering and biomedical implant applications, in which the mechanical 
properties of the substrate play a crucial role. 
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CHAPTER 7 
ADHESION ENHANCEMENT OF DIAMOND-LIKE CARBON THIN FILMS ON TI 
ALLOYS BY INCORPORATION OF NANODIAMOND PARTICLES 
Coating adherent DLC thin films directly on Ti alloys is technologically difficult. This 
research incorporates nanodiamond particles to form a diamond/DLC composite 
interlayer to enhance the adhesion of DLC thin films on Ti6Al4V substrates. Initially, 
nanodiamond particles were deposited on Ti6Al4V substrates by microwave plasma 
enhanced chemical vapor deposition from a methane-hydrogen gas mixture. A DLC thin 
film was then deposited, on top of the nanodiamond particles, by direct ion beam 
deposition. Scanning electron microscopy, Atomic force microscopy, X-ray Diffraction 
and Raman spectroscopy were used to characterize the microstructure and chemical 
bonding of the deposited particles and films, and Rockwell indentation testing was used 
to evaluate the adhesion of the deposited films. The results indicate that the pre-deposited 
nanodiamond particles significantly enhance the interfacial adhesion between the DLC 
thin film and the Ti6Al4V substrate, possibly by enhanced interfacial bonding, 
mechanical interlocking, and stress relief. 
7.1 Introduction 
Titanium and its alloys have been widely used in aerospace, bio-medical, chemical 
processing, marine facilities, and sports equipment because of their mechanical properties, 
including low density, very high tensile strength and toughness, and high corrosion 
resistance [121, 122]. The use of titanium and its alloys in other applications is restricted 
primarily by poor tribological properties. Coating of wear/corrosion resistant DLC thin 
films on titanium alloys can markedly enhance the durability and service performances of 
these materials [123, 124]. However, DLC thin films often suffer from poor adhesion on 
titanium alloy substrates due to high internal stress [74].  
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Various approaches have been used to relieve the internal stress of DLC films in order 
to enhance adhesion on Ti alloys: (1) optimization of deposition conditions [75]; (2) 
surface treatment of the substrate, including ion implantation [76], plasma immersion ion 
implantation [77], nitriding [78] and oxidizing [76, 79], (3) deposition of an interlayer, 
including a single (Si, Cr, W [81], TiN, TiC, TiCN and CrN [83]), or a graded layer 
(Ti/CN, Ti/TiC, Ti/TiN/TiC, and Ti/TiN/TiCN/TiC [84]), (4) incorporation of a metal or 
metal compound layer to form alternative multilayered films such as Ti/DLC and 
TiC/DLC [85], and (5) incorporation of non-metallic or metallic elements such as Si, Al, 
Cu, Ti, and W [86] into DLC films. Using these approaches, enhanced adhesion of DLC 
on Ti alloys has been achieved. However, the enhancement of adhesion is limited and at 
the expense of a reduction in hardness [18]. 
DLC has a high fraction of sp3 carbon bonding, high hardness, and a low coefficient of 
thermal expansion similar to diamond. The structural and property similarities of DLC 
and diamond would ensure a strong interfacial bonding between them. Recent study has 
revealed that adherent nanodiamond particles or thin films can be synthesized on 
Ti6Al4V by MPCVD with insignificant substrate damage [119]. In this research, 
synthesis of nanodiamond incorporated DLC films onto Ti6Al4V substrates has been 
explored to obtain enhanced interfacial bonding of DLC to the substrate for potential 
wear and friction applications. 
7.2 Experimental details 
Ti6Al4V sheets with dimensions of 10 mm × 10 mm × 1 mm were ground and 
polished using silicon carbide paper (350 grit), 9 m diamond slurry, and 3 m diamond 
slurry sequentially and then cleaned in ethanol for 15 min. The sheets were then 
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ultrasonically seeded for 1 hr in a suspension of ethanol and nanodiamond powder 
(average crystal size of 4–5 nm) to enhance diamond nucleation, followed by ultrasonic 
cleaning, rinsing in ethanol and drying in air. The prepared sheets were used as substrates 
for diamond particle and DLC thin film deposition.  
Nanodiamond particle deposition on Ti6Al4V was conducted in a 2.45GHz MPCVD 
reactor, described in a previous work [159], with a gas mixture of methane CH4 and 
hydrogen H2. The deposition parameters are listed Table 7-1. In order to investigate the 
effect of diamond content on the adhesion of DLC thin films, three groups of samples 
were prepared with varying deposition time. 
 
Table 7-1. Deposition conditions of nanocrystalline diamond particles on Ti6Al4V. 
Parameters H2 flow 
rate 
(sccm) 
CH4 flow 
rate 
(sccm) 
Gas 
pressure 
(KPa) 
Microwave 
power (W)
Deposition 
temperature 
(°C) 
Deposition 
time 
(mins) 
Sample#1 40 10 4 500 310 10 
Sample#2 40 10 4 500 310 20 
Sample#3 40 10 4 500 310 60 
 
After diamond deposition, the samples were coated with a DLC film using an EH ion 
source (KRI EH-1000, manufactured by Kaufman & Robinson, Inc. USA) in an ion beam 
deposition system [115]. The sample stage was tilted 45° with respect to the ion beam, 
the ion source was supplied with 5 sccm of methane and the mean ion energy of the beam 
was 65 eV.  The deposition was performed without any additional substrate heating with 
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a duration of three hours. The chamber base pressure was 2.67 × 10-5 Pa and the working 
pressure was 1.2 × 10-1 Pa. The thickness of the as-deposited DLC thin film was 
approximately 150 nm.  
The morphology, microstructure and chemical bonding of the as prepared particle and 
film samples were characterized by SEM, AFM, X-ray diffraction and Raman 
spectroscopy. The Raman spectrometer was operated at a laser wavelength of 514.5 nm 
generated by an argon laser. The adhesion of DLC thin films on Ti6Al4V was examined 
by Rockwell C indentation tests at a load of 1470 N. 
7.3 Results and discussion 
A typical Raman spectrum of a DLC film directly deposited on Ti6Al4V without an 
initial deposition of nanodiamond is shown in Figure 7-1. The spectrum shows two broad 
peaks centered at around 1350 cm-1 and 1580 cm-1, a typical DLC feature [116]. Figure 7-
2 shows a typical SEM image of a DLC film without an initial deposition of 
nanodiamond. The dark area is covered with DLC film, and the light area is exposed 
substrate (Ti6Al4V) after local spallation of the DLC film caused by high internal stress. 
Figure 7-3 shows typical SEM images of the samples after diamond deposition for 
various times. It can be seen that with an increased deposition time from 10 mins to 60 
mins, the diamond particle (light dots) density and particle size increase from 109 to 1010 
/cm2 and from 20 to 40 nm, respectively. The diamond particles grown on Ti6Al4V were 
characterized by Raman spectroscopy. The Raman spectrum of the nano particles exhibits 
a diamond characteristic peak centered around 1332 cm-1, as shown in Figure 7-4 (a 
typical spectrum of sample #3). It should be noted that in order to minimize the property 
deterioration of the Ti6Al4V substrate, the microwave power used for diamond particle 
deposition is relative low (500 W), and without additional heating. In this case, diamond 
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nucleation rate is relatively low and nucleation density increases with deposition time 
from 10 mins to 60 mins, as shown in Figure 7-3.  
 
 
Figure 7-1. Typical Raman spectrum of DLC thin film grown on Ti6Al4V. 
 
 
Figure 7-2. Typical SEM image of DLC thin film grown on Ti6Al4V. 
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Figure 7-3. Typical SEM images of nanodiamond grown on Ti6Al4V with different 
deposition time (a) Dia_10mins, (b) Dia_20mins, (c) Dia_60mins. 
 
 
Figure 7-4. Typical Raman spectrum of diamond particles grown on Ti6Al4V (sample 
#3). 
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Typical SEM images of as-deposited DLC thin films with pre-deposited nanodiamond 
particles are illustrated in Figure 7-5. The protruding area indicates the DLC thin film 
with diamond particle incorporated underneath. The films are dense and there is no 
spallation occurring, indicating an enhanced adhesion after the incorporation of diamond 
nanoparticles. The roughness of the nanodiamond incorporated thin films has been 
measured by AFM over an area of 2 μm × 2 μm and the root-mean squared (RMS) 
roughness is listed in Table 7-2. The nanodiamond incorporated thin films are slightly 
rougher than pure DLC films, and the RMS roughness increases from sample #1 to 
sample #3, indicating that the roughness of nanodiamond incorporated thin films 
increases with increasing diamond deposition time. This may be associated with the size 
increase of pre-deposited nanodiamond particle with prolonged deposition time, as shown 
in Figure 7-3. The larger nanodiamond particle size on the substrate results in increased 
surface roughness, consequently increasing the roughness of the films deposited on it. 
Figure 7-6 shows the typical XRD pattern of diamond/DLC composite thin films 
(sample #2) on Ti6Al4V, where diamond peaks are denoted as D. It can be seen that there 
are diamond peaks at 2θ=44°, 75°, and 92°, Ti peaks at 47°, 62°, and 84° (from the 
substrate), and TiC peaks at 41° and 91°, indicating the formation of a TiC intermediate 
layer on the substrate surface. The formation of a TiC interfacial layer is beneficial to the 
enhancement of adhesion of top films and the reduction of substrate damage caused by 
hydrogenation, as revealed by our recent investigations [119, 160]. 
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Figure 7-5. Typical SEM images of diamond/DLC composite thin films grown on 
Ti6Al4V (a) Dia_10mins/DLC, (b) Dia_20mins/DLC, (c) Dia_60mins/DLC. 
 
Table 7-2. Surface roughness (Ra) of DLC and diamond/DLC composite thin films 
grown on Ti6Al4V. It was calculated base on three measurements at different locations of 
the films. 
Samples Root-mean squared Roughness (Å) 
DLC 
Diamond/DLC#1 
26.1 ± 0.3 
48.6 ± 1.2 
Diamond/DLC#2 60.7 ± 0.7 
Diamond/DLC#3 126.2 ± 4.5 
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Figure 7-6. XRD patterns of diamond/DLC composite thin films grown on Ti6Al4V. D: 
diamond; Ti: Titanium. 
 
Rockwell C indentation testing was conducted at a load of 1470 N to evaluate the 
adhesion of diamond/DLC composite thin films grown on Ti6Al4V. Figure 7-7 shows the 
SEM images of diamond/DLC films after Rockwell C indentation testing. For all of the 
samples, partial spallation or cracking of the films is observed in the areas around the 
imprint (see Figure 7-7-1). However, the spallation or cracking area decreases from 
sample #1 to sample #3, indicating that the adhesion of diamond/DLC thin films 
increases with increasing diamond deposition time. This is further confirmed by higher 
magnification images (Figure 7-7-2) of the spallation or cracking area surrounding the 
indenter imprint. The white area corresponds to exposed substrate after film spallation, 
and the dark area corresponds to the film remaining adhered to the substrate. On sample 
#1, the spallation area accounts for about one fifth of the entire area, as shown in Figure 
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7-7-2 (a), whereas much less spallation of the film is observed on sample #2 as shown in 
Figure 7-7-2 (b) and cracking instead of spallation is observed for sample #3 as shown in 
Figure 7-7-2 (c). These results show that adhesion of the composite films increases with 
an increase in the amount of nanodiamoand incorporated. The absence of significant film 
spallation under such a high indentation load for samples #2 and #3 indicates high 
adhesion of those films to substrate. For sample #1, micro-spallation of DLC induced by 
indentation occurs at the film/nanodiamond interface as shown in Figure 7-8. This is 
probably due to a stronger bonding between diamond and substrate/TiC. 
The adhesion enhancement of DLC films on Ti alloys after incorporation of 
nanodiamond particles can be attributed to a few beneficial factors. At the first stage of 
nanodiamond particle deposition, a TiC buffer layer has initially formed on the Ti alloy, 
and its growth does not stop even with the nucleation and growth of diamond particles 
[160, 161], so the diamond actually grows on the top of a TiC layer, which continues to 
thicken with prolonged deposition period. The formation of such a carbide layer ensures 
good adhesion of diamond particles to the alloy surface by strong chemical bonding [134]. 
As the properties of TiC lies between those of diamond (also DLC) and the alloy 
substrate, a thick carbide buffer layer with long deposition time would enhance the 
adhesion of diamond particles and DLC films, as confirmed by the indentation test.  
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Figure 7-7. Typical SEM images of diamond/DLC-coated Ti alloys after Rockwell C 
indentation testing: (1) low magnification and (2) higher magnification of spallation or 
cracking area surround the indenter imprint. (a) Dia_10mins/DLC, (b) Dia_20mins/DLC, 
(c) Dia_60mins/DLC. 
 
 96  
 
Figure 7-8. SEM image of DLC thin film peeled off on nanodiamond after Rockwell C 
indentation test. 
 
Furthermore, the growth of the TiC intermediate layer and nanodiamond particles 
increases surface roughness of the alloy substrate. The roughing of the substrate surface 
enlarges the total surface area, so the entire effective contact area between DLC and 
substrate increases, which enhances the interface bonding strength and increases plastic 
deformation of the interfaces. Following the deposition of DLC film, these discontinuous 
nanodiamond particles are progressively embedded in the continuous DLC film and a 
diamond/DLC composite interlayer forms.  
Due to its high chemical compatibility to DLC, the nanodiamond particles have strong 
interfacial bonding strength with DLC, which improves the toughness of the DLC film by 
providing strong mechanical interlocking and an anchoring effect [162]. It is also 
reported that a composite of DLC film with a very fine grained diamond film can reduce 
surface tension and improve adhesion [163].  
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Due to the reduced stress and increased interfacial strength and toughness, the 
nanodiamond particles have been demonstrated to be an effective adhesion promoter for 
DLC on the Ti alloy substrate. 
7.4 Conclusions 
This paper presents a new approach to enhance the adhesion of DLC thin films on 
Ti6Al4V substrates, in which high density nanodiamond particles were initially deposited 
on the substrate using the microwave plasma enhanced CVD method, at a moderate 
substrate temperature, with short deposition time, and subsequent deposition of a DLC 
thin film using ion beam deposition.  The results have demonstrated that the 
incorporation of nanodiamond particles to form a diamond/DLC composite interlayer can 
significantly increase the adhesion of DLC on Ti alloys. The enhancement of adhesion is 
likely due to increased interfacial bonding, mechanical interlocking and stress relief from 
the nanodiamond particles. 
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CHAPTER 8 
STUDY OF DIAMOND NUCLEATION AND GROWTH ON TI6AL4V WITH 
TUNGSTEN INTERLAYER 
Diamond nucleation and growth on Ti6Al4V substrates with W interlayers were 
investigated using HFCVD.  W interlayers were firstly deposited on Ti6Al4V substrates 
under different conditions by sputtering and diamond was then deposited on W coated 
Ti6Al4V using the same HFCVD reactor.  X-ray Diffraction, Scanning electron 
microscopy, Energy disperse spectroscopy, Atomic force microscopy, Raman 
spectroscopy, synchrotron near-edge X-ray absorption fine structure spectroscopy and 
Rockwell C indentation tests were used for characterization. The effect of thickness and 
surface morphology of W interlayer on the nucleation, growth, and adhesion of diamond 
on the Ti alloy was investigated. The results show that the pre-deposited W interlayers 
act as a diffusion barrier for carbon, and thus significantly enhancing the nucleation of 
diamond. In addition, the W interlayer reacts with carbon to form WC and W2C during 
the diamond deposition, and thus enhancing the adhesion of diamond on Ti6Al4V. 
8.1 Introduction 
Ti and its alloys have been preferentially used in aerospace ships, bio-medical devices, 
chemical processing, marine facilities, sports equipment, and many other challenging 
applications because of their high specific strength, superior properties, and high 
corrosion resistance [2, 113]. However, Ti alloys have significant drawbacks of poor 
abrasive wear resistance and high friction coefficient. Chemical vapor deposition of a 
well-adhered diamond coating on Ti alloys is a promising way to solve this drawback 
owing to the unique properties of diamond, including its extremely high hardness, low 
friction coefficient, chemical inertness, and high thermal conductivity [1, 121, 160].  
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Nevertheless, diamond thin films often suffer from poor adhesion on Ti alloy 
substrates due to the large thermal expansion coefficient mismatch between diamond and 
Ti alloys, which limit its practical applications [53]. In order to solve this problem, TiN 
and DLC interlayers were employed to enhance the adhesion of diamond on Ti alloys [9, 
57]. Another problem involved in diamond deposition on Ti alloys is the high diffusion 
rate of carbon and hydrogen into the Ti alloy substrates during diamond deposition. This 
lowers diamond nucleation and growth rate on the alloys, consequently, a continuous 
diamond thin film is difficult to form and resulting in the property deterioration of Ti 
alloys [149, 143]. In our previous paper, a nanodiamond seeding with two-stage 
deposition was used to enhance diamond nucleation on Ti6Al4V and the property 
deterioration of Ti6Al4V was consequently reduced by a short deposition time [119]. 
Particularly, previous work of our group has demonstrated that a W/Al interlayer is 
promising for enhancing diamond nucleation and adhesion on WC-Co and stainless steel 
substrates [164, 165].  The results show that a W/Al double layer of nanoscale thickness 
is very effective to enhance diamond nucleation by suppressing interfacial graphitization 
induced by catalytic elements from the substrates, in which Al layer acts as a diffuse 
barrier for graphitization catalytic elements, e.g. Fe or Co, and W layer enhances the 
nucleation of diamond. 
In order to reduce the diffusion of carbon and hydrogen into Ti6Al4V substrate and to 
understand the effect of W on the nucleation and adhesion of diamond on them, W 
interlayers with different thickness combined with nanodiamond seeding and two-stage 
deposition were employed in this work. The results show that diamond nucleation can be 
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significantly enhanced, consequently, smooth nanocrystalline diamond (NCD) thin films 
with high adhesion can be achieved on Ti6Al4V. 
8.2 Experimental details 
Ti6Al4V sheets with dimensions of 10 mm × 10 mm × 1 mm were ground and 
polished using silicon carbide paper (350 grit), 9 m diamond slurry, and 3 m diamond 
slurry sequentially, followed by ultrasonic cleaning in ethanol for 15 min, rinsing in 
ethanol, and drying in air.  
W interlayers were deposited on Ti6Al4V by sputtering using a HFCVD reactor, 
described in a previous work [166], in an argon environment. The deposition parameters 
are listed in Table 8-1. In order to study the effect of thickness of W interlayers on the 
nucleation and adhesion of NCD thin films on Ti6Al4V, W interlayers were deposited 
with different during ranging from 20 min to 120 min.  
 
Table 8-1. Deposition parameters for W interlayers. 
Sample 
No. 
Bias 
(V) 
Current 
(A) 
Ar flow 
rate 
(sccm) 
Temperature 
(°C) 
Deposition 
time (min) 
Thickness  
(µm) 
W-1 500 8 20 450 20 1.1 
W-2 500 8 20 450 30 1.5 
W-3 500 8 20 450 50 2.0 
W-4 500 8 20 450 120 10.1 
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After W deposition, the W coated Ti6Al4V sheets were ultrasonically seeded for 20 
min in a suspension of ethanol and nanodiamond powder (average crystal size of 4–5 nm) 
followed by ultrasonic cleaning and rinsing in ethanol and drying in air.  
Diamond deposition on W coated Ti6Al4V after treatment was conducted in the same 
HFCVD reactor, with a gas mixture of CH4 and H2. The deposition parameters are listed 
in Table 8-2. In order to investigate the effect of W interlayers on the nucleation, growth, 
and adhesion of diamond thin films, two groups of samples with different deposition time 
of 30 min (10 min nucleation and 20 min growth) and 2 h (10 min nucleation and 110 
min growth) were prepared. Direct diamond deposition on Ti6Al4V (10 min nucleation 
and 50 min growth) was used for comparison. 
 
Table 8-2. Diamond nucleation and deposition parameters  
Parameters First step (nucleation 
enhancement) 
Second step (diamond 
growth) 
Gas pressure (kPa) 1.33 1.33 
Temperature (°C) 450 450 
H2 flow rate (sccm) 49 49 
CH4 flow rate (sccm) 1 1 
Deposition time (min) 10 20, 50, 110 
 
The morphology, microstructure, and chemical bonding of the as prepared W and 
NCD film samples were characterized by scanning electron microscopy (SEM), energy 
disperse spectroscopy (EDS), atomic force microscopy (AFM), X-ray diffraction (XRD), 
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Raman spectroscopy, and synchrotron near-edge X-ray absorption fine structure 
(NEXAFS) spectroscopy. The Raman spectrometer was operated at a laser wavelength of 
514.5 nm generated by an argon laser. The NEXAFS experiments were performed using 
the High Resolution Spherical Grating Monochromator (SGM) beamline at the Canadian 
Light Source Inc. (CLS), University of Saskatchewan. NEXAFS was recorded in total 
electron yield (TEY) mode by monitoring the sample current. The adhesion of diamond 
thin films on Ti6Al4V was evaluated using Rockwell C indentation tests at a load of 
1470 N. 
8.3 Results and discussion 
Figure 8-1 shows typical SEM morphological images of as-deposited W layers. The 
deposition time is 20 min for sample #W-1, 30 min for sample #W-2, 50 min for sample 
#W-3, and 120 min for sample #W-4, the corresponding thickness of the W layers 
increases from 1.1 µm to 10.1 µm, as shown in Table 8-1. It can be seen that with 
increasing deposition time from 20 min (#W-1) to 120 min (#W-4), the W layers exhibit 
different surface morphologies. This is because the deposition was carried out at elevated 
temperature (450 °C), at which surface diffusion is activated to facilitate W to form 
crystalline structure [167]. At the early deposition stage, W nucleates on Ti6Al4V 
substrate with high density.  Then the nuclei grow and emerge into each other, forming 
continuous W film as shown in Figure 8-1 (a).  With increasing deposition time, W grains 
continue to grow bigger and bigger, and thus the roughness and thickness of as-deposited 
W films increase continuously, as shown in Figure 8-1 (b), (c), and (d), respectively. The 
increased roughness of the W interlayer with the increase of deposition time might be 
beneficial to the improvement of adhesion of diamond thin films. However, because of 
the thermal expansion coefficient difference between W and Ti6Al4V, the thermal stress 
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in the films increase with the increase of film thickness. As shown in Figure 8-1 (c), 
cracks were observed in sample #W-3 due to the high thermal stress, which would 
negatively affect the adhesion of diamond thin films on it. XRD patterns of as-deposited 
W interlayers are shown in Figure 8-2. The W peaks of (110), (200), (211), (220), and 
(310) can be found at 2θ=47°, 68°, 87°, 106°, and 127°, respectively, indicating that 
polycrystalline W thin films have been deposited onto the Ti alloy. 
 
 
 
Figure 8-1. Typical SEM images of W interlayers deposited on Ti6Al4V: (a) W-1, (b) W-
2, (c) W-3, (d) W-4. 
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Figure 8-2. XRD patterns of W interlayers on Ti6Al4V (a) W-1, (b) W-2, (c) W-3, (d) W-
4. 
 
Figure 8-3 shows SEM (left) and EDS (C Kα1, right) images of diamond particles 
grown on W coated Ti6Al4V substrates after 10 min nucleation and 20 min growth. As it 
is difficult to distinguish W and diamond crystallites under SEM, a carbon distribution by 
EDS has been used to reveal diamond distribution. For EDS images, the light area 
corresponds to the carbon (diamond particles) and the dark area corresponds to the W 
coated substrates. It can be seen that the nucleation density of diamond on all W coated 
Ti6Al4V samples is significantly higher than that of the diamond samples (with a loger 
deposition time of 1h) without W interlayer as shown in Figure 8-4. There are some very 
dark areas in sample #W-4/Dia-30min as depicted in Figure 8-3(d-2). This is probably 
because of the high roughness of the samples, as EDS has relatively low depth of focus. 
These results have clearly shown that W interlayer is very effective to enhance diamond 
nucleation on Ti6Al4V. The fact that diamond nucleation density is similar for all the W 
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coated samples indicates that the surface morphology and thickness of W interlayers do 
not have a significant effect on diamond nucleation.  
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Figure 8-3. SEM (left) and EDS (C Kα1, right) images of diamond grown on Ti6Al4V 
with W interlayers: (a) W-1/Dia-30min, (b) W-2/Dia-30min, (c) W-3/Dia-30min, (d) W-
4/Dia-30min. 
 
 
Figure 8-4. Typical SEM image of diamond grown on Ti6Al4V for 1 h (10 min 
nucleation + 50 min growth) without W interlayer. 
 
Diamond nucleation enhancement by W interlayer can be attributed to the following 
two aspects. Firstly, the W interlayer with uniform nanocrystalline structure woud 
enhance nanodiamond seeding uniformity and efficiency by producing finer dispersion of 
nanodiamond seeds [168]. Secondly, W interlayer could act as a carbon diffusion barrier 
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to efficiently decrease the amount of carbon dissolved in the Ti alloy substrate during 
diamond nucleation and initial growth stage because the diffusivity of carbon in W 
((Dc)W= 1.0 × 10-13 cm2/s)) is five orders of  magnitude lower than that in Ti ((Dc)Ti= 0.7 
× 10-8 cm2/s) [169]. Both the higher nanodiamond seeding efficiency and the higher 
carbon concentration on the substrate surface induced by W interlayer could result in 
higher diamond nucleation. As a result, diamond nucleation is greatly enhanced. 
Figure 8-5 shows SEM images of diamond thin films grown on Ti6Al4V substrates 
with and without W interlayers by 10 min nucleation and 110 min growth. It can be seen 
that all the films except sample #W-4/Dia-2h have nanocrystalline structure and are dense 
and uniform with smooth surfaces. The roughness of the as-deposited diamond thin films 
has been measured by AFM over an area of 2.5 μm × 2.5 μm and the root-mean squared 
roughness (RMS) values are listed in Table 8-3. It shows that the root-mean squared 
roughness of W-1/Dia-2h, W-1/Dia-2h, and W-3/Dia-2h is low (below 21 nm) and very 
close to Dia-2h, the sample without W interlayer. However, W-4/Dia-2h has much higher 
surface roughness of 52.59 nm. This is probably because of the high roughness of the 
pre-deposited W interlayers W-4, as shown in Figure 8-1 (d). These results have 
demonstrated that smooth NCD thin film can be grown on Ti6Al4V with W interlayers of 
appropriate thickness and that the thickness of W interlayer has no significant effect on 
the smoothness of the resulted NCD films when the interlayer is relatively thin (<1.5 µm).  
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Figure 8-5. Typical SEM images of diamond thin films grown on Ti6Al4V with W 
interlayers: (a) W-1/Dia-2h, (b) W-2/Dia-2h, (c) W-3/Dia-2h, (d) W-4/Dia-2h, and (e) 
Dia-2h without W interlayer. 
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Table 8-3. Surface roughness (Ra) of diamond thin films on Ti6Al4V with and without 
W interlayers (based on three measurements at different locations of the films) 
Samples Root-mean squared roughness (nm) 
W-1/Dia-2 h 17.44±0.05 
W-2/Dia-2 h 17.04±0.03 
W-3/Dia-2 h 20.68±0.13 
W-4/Dia-2 h 52.59±0.32 
Dia-2h 17.77±0.06 
 
Figure 8-6 shows the Raman spectra of NCD thin films grown on Ti6Al4V substrates 
with and without W interlayers by 10 min nucleation and 110 min growth. All spectra 
show a diamond characteristic peak at 1332 cm-1, confirming the diamond nature of the 
films. The spectra also show a broad peak at 1550 cm-1, corresponding to the sp2 bonded 
non-diamond carbon, and a peak at 1140 cm-1, corresponding to the hydrogen-carbon 
structure at the grain boundaries [168] or nanocrystalline diamond [170]. There is no 
significant difference in the intensity ratio of diamond peak to non-diamond peak. In 
order to further reveal the quality of the resulted NCD films, synchrotron NEXAFS 
spectroscopy was used to characterize the samples. Figure 8-7 shows the C K-edge 
NEXAFS spectra of NCD thin films grown on Ti6Al4V substrates with and without W 
interlayers by 10 min nucleation and 110 min growth recorded in TEY. One can see that 
all spectra exhibit a sharp spike at 289 eV as well as a large dip at 302 eV, chracteristic 
features of diamond, confirming the diamond nature of the films, in consistence with 
Raman results. The relatively small pre-edge peak at 285 eV is attributed to graphite-like 
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sp2 bonded carbon of π* states [102]. It can be found that the intensity of this peak varies 
with different W interlayers, indicating that the content of sp2 bonded carbon changes 
with different W interlayers. All the samples show low peak intensity at 285 eV, 
indicating low content of sp2 bonded carbon inside the films. Relatively, the 285 eV peak 
intensity of sample W-2/Dia-2h and W-4/Dia-2h is similar to that of sample Dia-2h, the 
sample without W interlayer, but lower than that of sample W-1/Dia-2h and W-3/Dia-2h, 
indicating relatively better diamond quality in sample W-2/Dia-2h, W-4/Dia-2h, and Dia-
2h. These results show that a W interlayer of 1.5 µm thick is desirable for better diamond 
quality and higher surface smoothness although W interlayers has no significant effect on 
the quality of the resulted NCD films.  
 
 
Figure 8-6. Typical Raman spectra of diamond thin films grown on Ti6Al4V with and 
without W interlayers: (a) W-1/Dia-2h, (b) W-2/Dia-2h, (c) W-3/Dia-2h, (d) W-4/Dia-2h, 
and (e) Dia-2h without W interlayer. 
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Figure 8-7. NEXAFS spectra of diamond thin films grown on Ti6Al4V with and without 
W interlayers: (a) W-1/Dia-2h, (b) W-2/Dia-2h, (c) W-3/Dia-2h, (d) W-4/Dia-2h, and (e) 
Dia-2h without W interlayer. 
 
Figure 8-8 shows the XRD patterns of NCD thin films deposited on W coated 
Ti6Al4V, where diamond peaks are denoted as Dia. Broad diamond peaks (2θ = 44°, 75°, 
and 92°) are clearly seen in all the patterns, further confirming the deposition of NCD on 
the surface. In addition to the diamond peaks, W peaks (2θ = 47°, 87°, 106°, and 127°), 
WC peaks (2θ =37°, 42°, 56°, 90° and 123°), and W2C peaks (2θ = 40°, 62°, 72°, and 83°) 
also appear, indicating that the top part of the W layer reacts with carbon to form WC and 
W2C phases. The appearance of such a carbide interfacial layer between NCD and W 
layer could be beneficial to the adhesion of NCD thin films on W coated Ti6Al4V [167]. 
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Figure 8-8. XRD patterns of diamond thin films grown on W coated Ti6Al4V: (a) W-
1/Dia-2h, (b) W-2/Dia-2h, (c) W-3/Dia-2h, (d) W-4/Dia-2h. 
 
Rockwell C indentation tests were conducted at a load of 1470 N to evaluate the 
adhesion of NCD thin films grown on Ti6Al4V with and without W interlayers. Figure 8-
9 shows the SEM images of the NCD films after Rockwell C indentation testing. 
Significant cracking and partially spallation were found in NCD samples without a W 
interlayer as shown in Fig. 8-9 (e). With W interlayers, the degree of spallation or 
cracking decreases significantly, indicating that the adhesion of NCD thin films has been 
enhanced by W interlayers. As shown in Figure 8-9 (a), there are only a few small pieces 
of spallation occurring on sample W-1/Dia-2h and the sample has less cracking area 
comparing with sample Dia-2h without W interlayer, whereas no spallation of films can 
be observed for sample #W-2/Dia-2h, #W-3/Dia-2h and #W-4/Dia-2h, as shown in 
Figure 8-9 (b), (c), and (d), respectively. However, cracking is observed for sample W-
3/Dia-2h and W-4/Dia-2h (see Figure 8-9 (c)). This is probably due to the high thermal 
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stress remained in the pre-deposited W layer. Among all of the samples prepared, W-
2/Dia-2h shows the best diamond adhesion as no cracks and no film spallation were 
observed (see Figure 8-9 (b)). These results show that W interlayer is very effective in 
enhancing diamond adhesion on Ti6Al4V and that a W interlayer with intermediate 
thickness of 1.5 µm is more desirable. 
The adhesion enhancement of NCD thin films on Ti6Al4V by W interlayer can be 
attributed to the following reasons. Firstly, at the early stage of NCD deposition, a 
tungsten carbide buffer layer was initially formed on the W coated Ti6Al4V as confirmed 
by the XRD results shown in Figure 8-8. The diamond thin films actually grow on the 
carbide layer.  This layer has strong bonding with both the diamond and the W layer and 
a thermal expansion coefficient of 4.6×10-6/K between diamond (1.1×10-6/K) and W 
layer (5.7×10-6/K), and thus enhancing the adhesion of diamond on W layer. Formation 
of a carbide layer on the top of pre-deposited W interlayer is known to be the reason of 
good adhesion of NCD films to W substrate [171]. Secondly, the enhanced nucleation 
density by W interlayer enlarges the total contact area between NCD and W coated 
substrate, and thus further improves adhesion between diamond and substrate. Finally, W 
interlayer has a thermal expansion coefficient between diamond and Ti6Al4V (8.6 ×10-
6/K) and has a strong bonding with the Ti alloy, thus has high adhesion with the Ti alloy 
substrate. In one word, due to the formation of a carbide layer and increased interfacial 
strength and toughness, the W interlayer has demonstrated to be very effective in 
enhancement of adhesion of NCD thin films on Ti6Al4V. 
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Figure 8-9. Typical SEM images of diamond coated Ti6Al4V with and without W 
interlayers after Rockwell C indentation testing: (a) W-1/Dia-2h, (b) W-2/Dia-2h, (c) W-
3/Dia-2h, (d) W-4/Dia-2h, (e) Dia-2h without W interlayer. 
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8.4 Conclusions 
By applying W interlayer, smooth NCD thin films with high nucleation density and 
better adhesion have achieved on Ti6Al4V. The thickness and surface morphology of W 
layers have no significant effect on diamond nucleation but plays important role on the 
adhesion and surface roughness of the resulted NCD thin films. Smooth W interlayer 
with a thickness of 1.5 µm works best for NCD adhesion enhancement on Ti6Al4V. The 
enhanced diamond nucleation probably ascribes to the enhanced nanodiamond seeding 
efficiency and the fast accumulation of carbon species on the deposition surface because 
W is a barrier for carbon inward diffusion. The adhesion improvement of NCD on 
Ti6Al4V is mainly attributed to the formation of a tungsten carbide layer, the high 
diamond nucleation density, and the thermal and mechanical buffer properties of W 
interlayer between diamond and the Ti alloy. 
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CHAPTER 9 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
9.1 Conclusions 
In this research, a newly developed nanodiamond particles (NDP) incorporation method was 
used for adhesion enhancement of DLC coatings on Ti6Al4V. In addition, the interface and 
nucleation enhancement of diamond on Ti6Al4V were studied. The main findings in this thesis 
are as follows: 
 Adhesion of DLC thin films directly deposited on Ti6Al4V substrates by direct ion beam 
deposition mainly depends on the ion energy used in deposition process. Higher ion energy 
resulted higher sp3 concentration of DLC thin films, but lower adhesion of DLC on Ti6Al4V 
substrates when ion energy used is higher than 70 eV.  
 The nucleation density of diamond on Ti6Al4V can be markedly enhanced by deposition at a 
moderate deposition temperature with a pure CH4 precursor. Additionally, adhesion strength 
is improved due to formation of a titanium carbide intermediate layer between NCD film and 
Ti6Al4V substrate. In addition, the relatively low deposition temperature and high CH4 
concentration applied can mitigate the substrate damage due to hydrogen uptake during 
diamond deposition.  
 Nucleation density of diamond can be enhanced up to 1011 cm-2 by nanodiamond seeding and 
two-step deposition. By optimizing the seeding and deposition parameters, NCD thin films 
can be synthesized at relatively low microwave power (600 W) within a short time (3 hours) 
deposition. Consequently, almost no structural change of Ti6Al4V can be observed under 
these conditions, which indicates the deterioration of the mechanical properties of Ti6Al4V 
caused by diamond deposition can be significantly reduced.  
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 A newly developed approach named NDP incorporation was used to enhance the adhesion of 
DLC thin films on Ti6Al4V substrates, in which high density nanodiamond particles were 
initially deposited on the substrate using the MPCVD method, at a moderate substrate 
temperature, within short deposition time, and subsequent deposition of a DLC thin film 
using ion beam deposition.  Results have demonstrated that this NDP incorporation method 
can significantly increase the adhesion of DLC on Ti6Al4V. And the adhesion of DLC on 
Ti6Al4V increases with the NDP incorporation increasing. The enhancement of adhesion is 
likely due to increased interfacial bonding, mechanical interlocking and stress relief from the 
nanodiamond particles. 
 By applying W interlayer, smooth NCD thin films with high nucleation density and better 
adhesion have achieved on Ti6Al4V. The thickness and surface morphology of W layers 
have no significant effect on diamond nucleation but plays important role on the adhesion 
and surface roughness of the resulted NCD thin films. Smooth W interlayer with a thickness 
of 1.5 µm works best for NCD adhesion enhancement on Ti6Al4V. The enhanced diamond 
nucleation probably ascribes to the enhanced nanodiamond seeding efficiency and the fast 
accumulation of carbon species on the deposition surface because W is a barrier for carbon 
inward diffusion. The adhesion improvement of NCD film on Ti6Al4V is mainly attributed 
to the formation of a tungsten carbide layer, the high diamond nucleation density, and the 
thermal and mechanical buffer properties of W interlayer between diamond and the Ti6Al4V 
alloy. 
 The newly developed NDP incorporation method is very promising for adhesion 
enhancement of DLC on Ti6Al4V. It works better than application of W and TiN interlayers.   
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9.2 Recommendations for future work 
Some recommendations for possible future work related to this research are listed below: 
 NDP incorporation has been developed and successfully used for adhesion enhancement of 
DLC thin films on Ti6Al4V. Experimental results show that more NDP incorporation results 
in better adhesion of DLC. In order to further reveal the relation between adhesion and NDP 
incorporation, the adhesion of DLC on Ti6Al4V with further increased NDP incorporation 
needs to be investigated. Moreover, the effect of quality of NDP deposited with varying CH4 
concentration on adhesion and tribological properties of DLC composite films should be of 
great scientific and technical interests. 
 As the newly developed NDP incorporation method is proved to be very promising for 
adhesion enhancement of DLC on Ti6Al4V, and it works better than application of W and 
TiN interlayers. More investigation needs to be performed for comparing NDP incorporation 
and other widely used adhesion enhancing interlayers for DLC. 
 DLC coated Ti6Al4V is well known and widely used as biomaterial, especially in orthopedic 
applications. So it is necessary to evaluate the biomedical and biotribological properties of 
NDP/DLC composite film coated Ti6Al4V for future biomedical applications. 
 Systematic investigation on the effects of experimental parameters on the deposition of 
diamond on Ti6Al4V is needed in order to better control the properties of deposited diamond. 
In addition, further studies on the interface between diamond and Ti6Al4V substrate should 
be of great scientific and technical interests.
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